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Abstract 
The excellent soft tissue contrast of Magnetic Resonance Imaging (MRI) makes it an invaluable 
tool for guiding and monitoring interventional procedures. This has encouraged the development of 
MR compatible manipulators capable of combining the high precision and repeatability of robotic 
systems with the image capabilities of MRI. 
A system capable of performing trans-rectal prostate biopsy inside a 1.5T MRI scanner was 
developed to improve the pathological diagnosis of prostate cancer. The 5 DOF device is actuated 
using piezoceramic motors and can position an endorectal probe inside the rectum in order to align 
a biopsy needle to a target position in the prostate. A specially developed MR pulse sequence was 
capable of tracking two passive fiducials in the head of the endorectal probe, and could thus update 
the image scan planes in real-time to always include the biopsy needle. Phantom tests demonstrate 
the needle target accuracy was always within the ±3mm limit specified in the requirements. A 
preliminary clinical trial has been performed with the manipulator showing a successful outcome. 
A second system developed was able to position limbs at a desired orientation within the 
confined space of a closed bore scanner in order to exploit the magic angle effect to aid diagnosis 
of tendinous and other muskoloskeletal injury. The 3 DOF device can position tendons in the 
hand, knee and ankle, proving to be very versatile. The system kinematics were derived such 
that the device can locate the target tissue as close as possible to the isocentre, while avoiding 
collision between the patient anatomy and the scanner bore. Preliminary chnical trials with healthy 
volunteers were performed, where the signal at the Achilles tendon was measured as a function of 
orientation, showing clear magic angle effects in accordance with the theory. 
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Chapter 1 
Introduction, Aims and Objective 
1.1 Introduction 
The recent developments of Magnetic Resonance Imaging (MRI) in the clinical environment now 
provide us with detailed digitised images of the human anatomy as well as precise, updated, 
spatial information. While not exposing the patient to ionising radiation, MRI presents high soft 
tissue contrast and has the ability of imaging practically any cross section of the body in any 
plane, without repositioning of the patient [Guy and Ffytche, 2000, Raj an, 1997]. MRI can reveal 
the location of certain pathologies within the patient, opening the door to computationally guided 
mechanical devices to treat only the affected area. Images can be used to guide surgical instruments 
into the correct place and to keep track, almost in real time, of the navigation of the tool during 
the surgical procedure [Howe and Matsuoka, 1999]. The parallel increases in computing power and 
software applications, combined with progress in the field of robot-assisted interventions, means 
that an ideal environment has been created for the development of MRI compatible manipulators, 
potentially able to enhance the capabilities of surgeons to perform many types of procedures, both 
in intervention and diagnosis. 
This chapter will first describe the aims and objectives of the research presented in this thesis. 
The motivation for these goals, both from a clinical diagnostic perspective and from an academic 
view point, are then depicted followed by a summary of the structure of the thesis. 
1.2 Aims and Objectives 
The main goal of this research is to develop MR compatible mechatronic devices to help exploit 
the diagnostic capabilities of MRI. This objective will require research into suitable tecLu'.i.ogy 
in terms of materials, actuators and sensors that can work inside the MR environment, and i,hat 
constitute the principal components of mechatronic systems. Specifically, two MR compatible 
robotic systems will be developed for use inside closed bore scanners. The first will be a system 
capable of performing trans-rectal prostate biopsy under MR image guidance, and the second a 
device to position limbs precisely inside the scanner bore to assist diagnosis in magic-angle related 
experiments. 
The aims and objectives of this work can be summarised in the following points: 
• To provide a technological base, comprising MR compatible materials, actuators and sen-
sors, which will form part of the robotic systems that will operate inside the MRI scan-
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ner. Research will be carried out to present a selection of suitable materials in the MR 
environment, actuators with desirable compatibility and torque characteristics and robust 
non-magnetic sensors. 
• To develop a robotic system capable of performing trans-rectal prostate biopsy 
inside a closed bore 1.5T MRI scanner. The device will execute the biopsy under real-time 
image guidance, and will be able to target a suspected area inside the prostate. 
• To develop a robotic system capable of positioning human tissue at a desired 
orientation inside a closed bore 1.5T MRI scanner. The device will be able to orient a 
tendon, such as the Achilles, at a specific angle with respect to the main magnetic field to 
assist in "magic angle" related diagnosis of tendinous disease, and other related experiments. 
1.3 Motivation for Research 
1.3.1 Prostate Biopsy Robot 
The prostate is one of the sex glands of the male reproductive system, and is located in close 
proximity with the anterior wall of the rectum, as shown in Figure 1.1(a). Each year in the UK 
over 27,000 men are diagnosed with prostate cancer, and it causes approximately 10,000 deaths 
[Off, 2005]. It is the most commonly diagnosed form of cancer in men, and is second only to lung 
cancer for mortality rates [Can, 2004]. 
Although prostate cancers generally grow quite slowly, it is very important to detect them at an 
early stage to prevent death from the disease, as once metastasis has started the likelihood of dying 
is greatly increased. If the results of early detection tests are abnormal then the next recommended 
procedure is a biopsy of the prostate to find out if the disease is present. The current imaging 
guidance standard for prostate biopsies is TransRectal UltraSound (TRUS), where an ultrasound 
probe is inserted into the rectum and placed next to the prostate, as illustrated in Figure 1.1(b). 
Guided by the ultrasound image, the practitioner inserts a biopsy needle into the prostatic tissue. 
Although this technique is simple and inexpensive, problems occur due to the limited sensitivity 
and SNR of ultrasound, which means that TRUS guidance leaves approximately 15-31% of prostate 
cancers undetected [D'Amico et al., 2000]. 
MRI is a much better imaging technique for detecting suspicious lesions in the prostate which 
can then be targeted in a biopsy. The real-time imaging capabilities of MRI can guide a biopsy 
needle into a specific area in the prostate, although in the case of high field closed bore scanners, 
a mechatronic device is required to perform the intervention as access to the patient inside the 
scanner tunnel is very restricted. A combination of high resolution MRI images for target locali-
sation, accurate positioning of a biopsy needle by means of a robotic system and real-time image 
guidance of the needle into the prostate should increase the diagnostic accuracy of the biopsy 
procedure. Therefore, an MRI compatible manipulator capable of performing this intervention is 
highly desired. 
1.3.2 Magic Angle Related Diagnosis 
With conventional MR sequences normal tendons in the body exhibit no or very little signal 
intensity, as can be seen in Figure 1.2(a). This is due to the tendon being comprised predom-
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Figure 1.1: (a) Male reproductive system showing the prostate gland, and (b) TRUS guided 
prostate biopsy [Nat, 2007] 
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Figure 1.2: (a) Cross section of lower leg showing signal void at the Achilles tendon when oriented 
aligned with main field of scanner, and (b) showing signal when oriented at the magic angle 
inantly of dense collagen with a highly ordered structure, which enhances the dipolar interac-
tions between its protons leading to a rapid loss of signal directly after excitation. This dipo-
lar interaction is greatly reduced when the tendon is oriented at approximately 55°, where in-
creased signal is observed as displayed in Figure 1.2(b). The 55° angle is termed the "magic 
angle", and the phenomenon of increased signal at this angle is coined the "magic angle effect" 
[Xia, 2000]. Recent studies have demonstrated the clinical and functional importance of exploit-
ing this effect in cartilage and tendons as part of the evaluation of orthopaedic and other injury 
[Fullerton et al., 1985, Marshall et al., 2002, Oatridge et al., 2001, Chappell et al., 2004]. 
The work described in the body of literature documenting the magic angle phenomenon was 
made very much harder by the practical difficulties of placing a tissue at a specific angle to Bq in 
the confined environment of a closed bore MRI scanner (typically 600mm in diameter). Precise 
angular positioning of even such a major structure as the Achilles tendon is not easy, and there is 
little space for an operator to check that the tissue being studied is indeed at the required angle 
to the main field. Manual fixtures such as angular jigs and paper protractors have been used 
to position at a desired angle, but the results tend to be inaccurate and readjustment needed if 
the patient moves, requiring table retraction. This process can be especially time-consuming for 
those patients who find it difficult to position their hmbs at a specific angle in the limited space, 
for example infants, elderly patients or patients with disability. Plotting the signal characteristics 
against a range of angles is far too extended a process to be possible in normal clinical imaging 
without some form of mechanisation. 
A MR compatible device capable of moving the desired anatomy to a specific orientation inside 
the scanner bore can facilitate magic angle related experiments done with live subjects, assisting 
the diagnostic process. It would make the process quicker, more reliable and would allow the 
positioning of the tissue to be modified remotely without table retraction and patient repositioning. 
1.3.3 Academic Motivation 
There are three main motivations from an academic perspective to perform this research; (i) the 
required collaboration between multidisciplinary teams, (ii) the infancy of the research field of 
MR compatible robotics, and (iii) the potential benefits these systems can have on real patient 
diagnosis. 
Due to the nature of the research developed in this thesis, which requires specialised knowledge 
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Figure 1.3: Graph showing number of publications in the field of MR compatible devices as hsted 
by lEEEXplore on May 2006 [Gassert et al., 2008] 
in various fields such as medicine, mechatronics, medical physics and imaging, a multi-disciplinary 
team was formed to ensure that the necessary expertise was available in order to fulfill the research 
objectives. Team members span across the Mechanical Engineering Department and the Electrical 
and Electronic Engineering Department of Imperial College London, the Radiological Sciences Unit 
at Charing Cross Hospital, London and the Cancer Research UK Clinical Magnetic Resonance 
Research Group, Royal Marsden NHS Foundation Trust, Surrey. The funding for the work was 
provided by two grants from the New and Emerging Applications Technologies (NEAT) programme 
from the UK Department of Health. 
The potential of MRI and the development of compatible devices to exploit the numerous 
advantages ofii'ered by this imaging technique has made the amount of funding and groups ded-
icated to this activity increase over the last few years, although the total number of devel-
oped systems is still small. Figure 1.3 shows how the number of publications has recently in-
creased, especially those submitted to conferences, but only a small percentage have become 
journal publications. In addition only some of the developed systems have ventured into clin-
ical trials [Larson et al., 2003, Hemp el et al., 2003, Beyersdorff et al., 2005, Fischer et al., 2004, 
Kaiser et al., 2000, Susil et al., 2004] and very few have become commercial products [Inn, 2007, 
Ins, 2000]. This means that much research is still required to make robust systems for use in MRI, 
especially in the clinical environment. Efforts must also be made to ensure that research innovation 
is channelled into journal publications, benefitting the research community. 
Lastly there is always a motivation when it comes to developing systems that respond to a 
medical need, as the results may help doctors exploit the numerous advantages offered by this 
imaging technique to potentially improve their diagnostic capabiUties. This will have a direct 
benefit to patients as better decisions can me made as to the type of treatment, if any, to employ 
for a particular type of diagnosed disease. 
1.4 Structure of Thesis 
This thesis is structured into nine chapters and describes the principle results obtained during 
research performed from November 2004 to April 2008. 
Chapter 2 gives a brief introduction into Magnetic Resonance Imaging and the principal com-
ponents of the MR scanner that enable the production of an image. This includes a description of 
the strong static magnetic field present in the scanner, and both the radio frequency pulses and 
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magnetic gradient pulses that appear during imaging. These components will interact in a variety 
of ways with any mechatronic device introduced into the scanner room, and the different interac-
tions and possible effects of these are presented. Finally the engineering challenges associated with 
building systems to work inside the MR environment axe laid out. 
Chapter 5 is a review of the state of the art in the field of MR compatible mechatronic systems. 
Although the first developed system dates back only from 1995, a number of interesting technical 
solutions to the engineering challenges of the MR environment are presented in literature and 
should serve as a starting point for this research. 
Chapter 4 presents the results from a detailed analysis of materials, actuators and sensors for 
use in MRI. The intense magnetic fields present in the scanner make conventional engineering 
equipment such as DC motors, ferromagnetic metals and sensors unsuitable. The chapter first 
focuses on selecting materials which do not distort the MR images. Two actuation techniques are 
then described, the first consisting of commercial piezoceramic motors which are not based on 
electromagnetic principles and the second is a custom developed pneumatic rotary motor which 
can provide large torques and adequate speeds. Finally non-magnetic optical sensors were used to 
encode position accurately without distortion of the images. 
Chapters 5 and 6 are devoted to describing the prostate biopsy robot and its mechatronic and 
clinical evaluation. Chapter 5 presents the robot kinematics and mechanical design, describing 
each of its 5 degrees of freedom and the actuators and sensors used. Chapter 6 explains in more 
detail the robot control and achieved accuracy of biopsy needle placement in a phantom test, which 
demonstrate its functionality. MR compatibility tests also prove its ability to operate correctly 
inside or very close to the scanner isocentre. Finally a prehminary clinical trial was performed on 
a human patient and the results presented. 
Chapters 7 and 8 describe the magic angle related limb positioning device which uses a pneu-
matic rotary motor to provide high torque motion at each of its three axes. The system design 
and kinematics are presented along with the system software in Chapter 7. Chapter 8 provides a 
system evaluation and the results of four preliminary clinical trials with healthy volunteers which 
show the capability of the system to successfully position several limbs at the magic angle. 
Chapter 9 presents the conclusions of the research undertaken and presented in this thesis and 
suggests some future lines of work. 
Chapter 2 
Magnetic Resonance Imaging 
2.1 Introduction 
MRI is a medical imaging technique which produces high quality images of the body, and espe-
cially of biological tissue under the surface anatomy. It is primarily based upon the sensitivity 
to the presence of water, which makes up around 70% to 90% of most tissues. The proper-
ties and water content in tissue can alter dramatically with the presence of disease and injury 
[McRobbie et al., 2003], making MRI a very sensitive and powerful diagnostic technique. 
Nowadays MRI has made itself the image modality of choice for a large proportion of radiological 
examinations. Examples of typical MR images of different body parts can be seen in Figure 2.1. 
At its most advanced MR can be used not only to image anatomy and pathology but to investigate 
organ function, fluid flow through the body and even to visualise neurological activity in the brain 
[McRobbie et al., 2003]. Although portraying a number of useful advantages, like high soft tissue 
contrast, and the use of non-ionising radiation, MRI also imposes a severe challenge to scientists 
and health care professionals alike when trying to introduce external devices into the scanner room 
while maintaining image quality and ensuring the safest MRI environment possible. The hazards 
intrinsic to this technology may be attributed to the main components that are required in all 
MR scanners: (i) a strong magnetic field (Bq) with its associated spatial gradient, (ii) pulsed 
gradient magnetic fields and (iii) radio frequency (RF) pulses [GES, 2005]. Before any device can 
be introduced into the MRI room, MR safety and compatibility of the system and of its operation 
in the magnetic field must be verified. 
This chapter intends to give a basic introduction into some of the main concepts related with 
MRI which will be used throughout the rest of this thesis. Without going into profound detail it 
intends to equip the reader with enough information about MRI to fully comprehend the methods 
used and the significance of the results obtained. A small description of the different components of 
an MRI scanner and how each of them can interact with external devices and components brought 
into the scanner room is given, as well as the conditions that must be imposed to assure MR safety 
and compatibility. 
2.2 IVEagnetic Resonance Imaging 
MRI involves a combination of advanced scientific and engineering concepts, including quantum 
physics, classical mechanics, cryogenics, superconductivity, electromagnetism, digital and com-
puter technology and other specific fields of knowledge [McRobbie et al., 2003]. Because of the 
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Figure 2.1: MR images of (a) the brain, (b) the abdomen and (c) the knee, showing the great level 
of detail obtainable with this imaging modality 
diversity of sciences and technologies required to obtain a useful image from an MRI scanner, it 
is an extremely hard subject to learn and master. Hence it is beyond the scope of this document 
to explain in any depth how an MRI scanner works. There is abundant literature explaining the 
working principles of MRI, and the author therefore refers the interested reader to any of the refer-
enced titles [Rajan, 1997, McRobbie et al., 2003, Brown and Semelka, 1995, Friedman et al., 1989, 
Weishaupt et al., 2003, Westbrook and Kaut, 1993]. 
MRI is a medical imaging modality based on the sensitivity to the presence of water in hu-
man tissue. Because pathology can change this water content, they appear in contrast with the 
surrounding healthy tissue. The imaging capabilities of MRI have made it become an extremely 
popular imaging technique, even despite its elevated cost. One of the most important character-
istics of MRI is its high soft tissue contrast, due mainly to the MR signal being dependent on 
tissue specific parameters, which reduces the need of contrast agents injected into the body. Image 
contrast can be tailored to the specific clinical application so that particular types of pathology 
are emphasized, giving the MR image great diagnostic capability. MRI also has the ability of 
imaging practically any cross section of the body in any plane without repositioning of the patient. 
Because the orientation of the imaging plane is obtained by magnetic field gradients, the patient 
does not have to move when scanning oblique planes. Images can be obtained as two dimensional 
slices representing cross sections of the body or as three dimensional volumetric images. Unlike 
X-ray based medical diagnostic techniques like Computer Tomography (CT), MRI does not expose 
the patient to ionising radiation. This technology opens the door to image guided surgery, where 
images of the patient can be taken not only preoperatively but also during the procedure itself, 
updating the images almost in real-time to account for any anatomical changes or deformation. In 
addition, there are currently no demonstrated long term effects associated with MRI [FDA, 1997]. 
All these properties have made MRI a most valuable tool in health care centres worldwide. 
2.2.1 The MRI Suite 
A modern MR suite in a hospital would typically consist of three rooms: (i) the scanner room 
which houses the scanner, (ii) the control room which contains the MR control console and (iii) 
an air-conditioned technical room with supporting electronic equipment [McRobbie et al., 2003]. 
There may also be another room for specific patient handling accessories, such as MRI compatible 
wheelchairs or trolleys. A MRI suite can be seen in Figure 2.2. 
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Figure 2.2: MR suite in a hospital consisting of scanner room, control room, technical room and 
accessories storage [Sie, 2005] 
2.2.2 Types of MRI Scanners 
Depending on the configuration of the main magnet that comprises the system, MRI scanners can 
be classified as open or closed, as displayed in Figure 2.3. Closed bore scanners have the highest 
magnetic field strength with clinical scanners ranging from 1.5-3T, giving them the potential to 
produce increased quality images. On the down side the bore generally has a small diameter of 
around 600mm and long tunnel lengths in the range of 150cm (see Figures 2.3(a) and (c)), which 
can sometimes result in patient rejection due to them not fitting inside the bore or because of 
feelings of anxiety or claustrophobia. The reduced dimensions of the bore also means that the 
operator only has very restricted access to the patient. A solution to the limitations of closed bore 
scanners are its open counterparts, with an example of one displayed in Figure 2.3(b). These are 
much more patient friendly and are ideal for intervention since the physician has access to the 
patient during scanning. However these advantages are obtained at the expense of field strength, 
with modern clinical scanners ranging from 0.2 - IT, with their corresponding drop in image quality. 
In addition to the above whole body magnets, dedicated scanners are also commercially available, 
designed to specifically image certain parts of the body such as extremities or the head. These 
have the advantage of greatly reducing cost and space requirements, as they are optimised for the 
regions they are designed to image. 
2.2.3 Principal Components of a MRI Scanner 
A MRI scanner consists of four principal components; 
• A magnet that produces a strong, homogeneous, static magnetic field. 
• Radio frequency transmit and receive coils, which excite the protons in the body and detect 
the resulting MR signal. 
• Magnetic field gradients used for spatial localisation of the MR signal. 
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Figure 2.3: Main types of MRI scanners: (a) 1.5T closed bore Siemens Avanto scanner, (b) vertical 
open Siemens Magnetom C! scanner, and (c) dimensions of the closed bore Siemens Avanto scanner 
[Sie, 2005] 
CHAPTER 2. MAGNETIC RESONANCE IMACmC 33 
SHIELD I MfiGNET s 
k . GRADIENT COILS 
^ . R F - C O I L Z ^ 
^ ! R F COIL PATIENT 
GRADIENT COILS 
MAGNET TABLE 
GRADIENT 
AMP 
RF 
DETECTOR 
GRADIENT , 
PULSE PROq DGTZER-
PULSE PROG RF AMP 
COMPUTER RF SOURCE 
Figure 2.4; Block diagram of the components of a MRJ System 
• A computer system for scanner control, image processing and displaying. 
A block diagram showing the principal components of a MRI system can be seen in Figure 2.4. 
The main magnet of the scanner creates the static magnetic field (denominated Bq) which 
is continuously present, even when imaging is not taking place. The basic unit which describes 
magnetic field strength is the Tesla (T) which corresponds to 10,000 Gauss. Most modern scanners 
have a superconducting magnet consisting of coils of winding wire through which a current is 
circulated to create a magnetic field. The wires are bathed in cryogenic liquids to reduce the 
temperature to extreme values causing the resistance of the wire to drop to zero. They are expensive 
but can create the highest field strengths, from around 0.5T to even 14T or higher in research. 
Radio frequency (RF) pulses excite the protons in the patient's tissues to produce an NMR 
signal. These are generated by a transmitter coil which surrounds the whole or a certain part 
of the body. A body coil is usually built into the construction of the magnet, although smaller 
transmitter coils can also be used for imaging specific regions. The MR signal that is produced 
by the body in response to the excitation is detected using receiver coils. Because the MR signal 
is very weak, increased signal detection is obtained by placing the receiver coil very close to the 
anatomy being imaged. Most systems therefore have a head coil, a spine coil, a neck coil etc. In 
the case of the body coil, it can both transmit and receive signal. 
The spatial localisation of the MR signal coming from the body is achieved by generating 
spatial variations in the magnetic field strength across the patient. This can be done by applying 
magnetic gradients, and are produced by three sets of gradient coils built into the bore of the 
scanner, one for each of the three Cartesian directions. Large electrical current pulses are applied 
repeatedly in a carefully controlled sequence to produce the field variations, and a loud clicking 
sound is generated. This can sometimes require ear protection for the patient as the acoustic levels 
can become uncomfortable. 
The MR system is controlled via the computer console located in the control room. Here the 
operator selects the image sequence, as well as other user defined parameters that control the 
image. 
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Figure 2.5: (a) Scanner coordinate reference frame with origin at the scanner isocentre and (b) 
imaging planes defined with respect to patient anatomy 
2.2.4 Image Planes and Scanner Coordinate System 
MRI scanners have a clearly defined coordinate reference system which is displayed in Figure 2.5(a). 
The scanner Z-axis is the longitudinal direction along the bore of the scanner (in line with the main 
static magnetic field Bq), the Y axis is in the vertical direction and points downwards towards the 
bottom of the scanner bore and the X axis is perpendicular to the other two. The reference frame 
has its origin at the isocentre of the scanner. 
On clinical imagers, the terminology XY, ZX or YZ are not used to indicate the imaging planes. 
Instead planes are defined with respect to patient anatomy. An imaging plane perpendicular to 
the long axis of the body is called a transverse or axial plane. Similarly a plane bisecting the left 
and right sides of the body is called a sagittal plane. The plane that bisects the front and back of 
the body is called the coronal plane. All three imaging planes are represented in Figure 2.5(b). 
2.2.5 Image Sequences 
MRI is based on the inherent magnetisation that is induced in the human body when it is placed 
in the scanner [McRobbie et al., 2003]. This magnetisation is initially aligned with the main field 
of the scanner Bq- However, in this direction the magnetisation cannot be measured and a pulse 
sequence is required to knock the magnetisation out of alignment and into the XY or transverse 
plane. All MR images are produced using a pulse or image sequence, which contain a sequence of 
RF and gradient pulses which have carefully controlled durations and timings. There are many 
different types of image sequences and their nomenclature can vary depending on the scanner they 
are designed for and the scanner manufacturer. 
Once the RF pulse which causes the excitation disappears, the magnetisation returns back 
to its initial alignment along Bq via two relaxation mechanisms called spin-lattice and spin-spin 
relaxation. The first controls the growth of recovery along the Z axis and has a characteris-
tic time constant called Ti. The second controls the decay of the magnetisation signal in the 
transverse plane and its time constant is called T2. Both relaxation mechanisms are independent 
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[Weishaupt et al., 2003]. 
When the magnetisation is excited by the RF pulses of the sequence, the signal they return 
can be picked up by the RF receiver coils of the scanner. The signal that comes back from the 
patient is collected as an echo, and these echoes can be produced in two ways; (i) spin echo and 
(ii) gradient echo [Westbrook and Kaut, 1993]. 
• Spin echo is the most common sequence used in MRI. It is designed to compensate for static 
field inhomogeneities and it generally produces the best quality images although they take a 
relatively long time (several minutes). 
• Gradient echo sequences do not compensate for the field inhomogeneities so the signal can be 
acquired much faster than with spin echo scans, although generally the quality of the image 
will be somewhat reduced. 
The repetition time % is defined as the time between two successive RF excitation pulses and the 
time to echo Te is the time between the RF pulse and the echo from which the signal is picked 
up. Gradient echo sequences use shorter repetition and echo times, and hence can be acquired 
quicker than spin echo sequences. Both sequence types are used in the clinical setting and hence 
any device introduced into the scanner must prove it does not affect the images coming from both 
sequence types. 
2.3 MR Safety and Compatibility 
Due to the quality of the diagnostic images produced by modern MRI systems, there has been great 
interest in using this imaging modality for image guided interventional procedures. This requires 
inserting surgical instrumentation into close proximity with the scanner, with the corresponding 
safety concerns for both patient and practitioner and assuring that the image quality and geometry 
is not compromised. A further step would be the introduction of active mechatronic devices and 
medical robotic systems. These systems have an enormous potential for improving the precision 
and capabilities of the physician during a surgical procedure [Cleaxy and Nguyen, 2001], especially 
in the case of closed bore scanners where access to the imaged anatomy is very restricted. Robotic 
systems have the ability to use large quantities of detailed information, (imaging data, sensors, 
computers etc.) which allow them to accurately position surgical tools. The MR images can reveal 
the location of certain pathologies within the patient, opening the door to computationally guided 
mechanical devices to treat only the affected area. This imaging technique can also be used to 
guide the instrument into the correct place and to keep track, almost in real time, of the navigation 
of the tool during the surgical procedure [Howe and Matsuoka, 1999]. However, for these concepts 
to be feasible, first MR safety and compatibility need to be assured. 
2.3.1 Definitions: M R Environment, M R Safe and M R Compatible 
The MR environment refers to the general environment in the vicinity of the MRI scanner, and 
more precisely the area encompassed by the 0.5mT line [GES, 2005]. 
A device is considered to be MR safe if, when used in the MR environment, it presents no 
additional risk to the patient or other individual, although it may affect the imaging quality 
[Shellock, 2002]. 
A device is considered MR compatible if it is MR safe and does not significantly affect the 
image quality, nor does it have its operations affected by the MR device [Shellock, 2002]. It is 
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Figure 2.6: A ferromagnetic device is attracted by the spatial gradient of the main magnetic field 
of the scanner, being dangerous for both patients and staff [Med, 2008] 
important to specify the MR conditions in which MR safety and compatibility were tested, since 
a device that is safe under one set of conditions may be found not to be so under more extreme 
conditions. For example for a metallic stand to be considered MR safe in a scanning room it may 
require being bolted or chained to the wall. In the same way a cable coming from the inside of a 
scanner may be MR safe and compatible, but if crossed over forming a loop, may produce severe 
burns to the patient. It may also be the case that an object is compatible at a certain distance, 
but when brought into close proximity of the scanner it may affect the image. In these cases it is 
important also to specify the distance at which the image degradation becomes unacceptable, or 
at least to quantify the degradation in the image as a function of distance. 
2.3.2 Interactions Between M R Environment and External Devices 
The potential benefits that MRI offers as an imaging modality have been discussed and are widely 
accepted. However the presence of intense magnetic fields and fast switching pulses can make the 
MR environment hazardous. Figure 2.6 shows an example of an accident in the scanner room where 
a device was attracted into the scanner bore by the fields of the scanner. This section describes 
how each component of the MRJ scanner interacts with external devices introduced in the MR 
environment. 
Static Field and Spatial Gradient 
The static magnetic field of the scanner, usually represented as Bq, is always present even when 
imaging is not taking place. Strong shielding at the edges of the scanner bore cause the strength of 
the magnetic field to drop very quickly at a short distance from the magnet, which produces a large 
spatial gradient. As a result of this gradient, magnetic objects introduced in the field experience 
an enormous translational force which can cause them to accelerate into the scanner bore, causing 
potential damage to the patient and equipment. The translational force (F) is proportional to 
the size of the object, its magnetic susceptibility (a physical property of the material) and the 
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properties of the magnetic field and can be expressed as, 
F a x - V - B ~ (2.1) 
where x is magnetic susceptibihty, V is volume, B the value of the static field and ^ is the rate 
of change of B with radial distance r [McRobbie et al., 2003]. 
Certain ferromagnetic objects introduced into the imaging volume may experience a torque 
from the scanner magnet, which will tend to align their longer axis with the scanners magnetic 
field lines of force. This motion can be especially dangerous when it concerns medical implants in 
the patient, as these can move and cause damage to nearby tissue [FDA, 1997]. The torque (N) 
that an object experiences is proportional to the square of the static field and can be expressed as, 
(2.2) 
where % is magnetic susceptibility, V is volume, and B the value of the static field. 
Therefore any object will experience both a translational force which tends to attract the object 
to the scanner bore, and a torque which tends to align its long axis with the field lines. 
Pulsed Gradient Magnetic fields 
Gradient magnetic pulsed fields are applied during the scanning procedure for signal spatial local-
isation. The field is characterised by being fast, small, linear and localised in the imaging volume. 
Induced voltages can be produced in any conductive materials within the bore, potentially causing 
heating by eddy currents. These induced currents, however, are about a thousand times smaller 
than those present due to the RF fields, which are of more concern [FDA, 1997, GES, 2005]. 
Pulsed RF fields 
To obtain the MR signal, pulsed RF magnetic fields (perpendicular to the main static field Bq) are 
introduced into the patient. As these pulses can produce heating of the tissue, the amount of RF 
energy emitted into the body is restricted and controlled by the scanner. These pulses will provoke 
electrical currents to be induced in conductive materials, and can be especially problematic with 
mechatronic devices located in the bore or medical implants inside the patient. Conductive leads 
or wiring that form loops can pick up sufficient RF energy to produce considerable heating of the 
material, potentially burning patients [FDA, 1997, GES, 2005]. It is therefore critical to avoid 
loops in cables or wires, even those that may be partially completed by body parts of the patient. 
2.3.3 Engineering Challenges of the M R Environment 
The possible interactions between the MRI system and any object or device that is introduced 
into the MR environment impose a number of restrictions on any foreign object in order to assure 
safety and compatibility. Conventional mechatronic actuators, materials and sensors axe no longer 
acceptable, which presents a serious engineering challenge when building MR compatible robotics. 
Actuation Methods 
Traditional actuators are based on electromagnetic (EM) principles and are therefore unaccept-
able for use in the MR environment. The fields from these actuators would adversely affect the 
homogeneity of the main magnetic field of the scanner, and the main field in turn could alter the 
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normal functioning of the actuator. Other methods of actuation need to be investigated, and a 
considerable part of the research of this thesis will be dedicated to finding suitable alternative 
methods of actuation. 
Material Selection 
The magnetic susceptibility % of a material is a quantitative measure of its tendency to interact 
with an applied magnetic field and to distort its value [Schenck, 1996]. This property becomes 
fundamental in the choice of materials for objects to be used in an MRI environment, as it is an 
important source of image artifacts and of the forces and torques experimented on foreign bodies 
inside the MRI room (see Equations 2.1 and 2.2). In addition the magnetic fields of the scanner will 
interact with all electrically conductive materials, inducing currents which can can cause heating 
and produce image artifacts. Ferromagnetic materials such as iron and steel are totally prohibited, 
as they can potentially become dangerous projectiles inside the MR scanner room. Ceramics and 
thermoplastic polymers are ideal materials, and non-magnetic conductive metals can also be used, 
although these may produce some image degradation. 
Electromagnetic Noise 
RF noise, which often appears as static on the image, is caused by electromagnetic emissions from 
electrical devices. The MR signal received by the RF coils in the scanner is very small, so any 
RF noise at a frequency close to the resonance frequency of the scanner will disrupt the signal. 
The MR room is RF shielded from any electromagnetic emissions coming from the outside, but 
any devices inside the room can produce interference in the form of image artifacts or distortion 
[FDA, 1997, GES, 2005]. Measures must be taken to ehminate the influence of the noise on the 
scanner images. 
2.3.4 Summary of Interactions and Adverse Effects 
Table 2.1 presents a summary of the potential interactions the components of the MR environment 
may have on an external device introduced into the scanner room, and Table 2.2 shows the potential 
effects introducing a device into the scanner room may have on the normal functioning of an MRI 
scanner. 
2.4 Conclusion 
Although expensive, MRI has proven to be a very popular imaging technique in the clinical setting. 
It offers digitised high resolution images of anatomical structures both as 2D slices or as 3D volumes. 
Slice position and orientation can be selected without the need for patient repositioning, and it 
presents very high soft tissue contrast. The contrast of the image can be tailored for a specific 
examination or if looking for a particular type of pathology or lesion. Its functioning principle 
does not use ionising radiation which makes it ideal for use during interventional procedures, 
allowing the scanner to produce frequent, updated images of the anatomical area of interest, 
giving intraoperative feedback to the practitioner. All these advantages have helped make the 
MRI scanner a conventional piece of equipment in modern hospitals. 
However this chapter has also focused on some of the challenges of this technology. In order 
to obtain an image from the scanner a very large static field is required, along with fast pulsed 
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Component of MR 
Environment Interaction Potential adverse effect 
Static magnetic field, Bo 
Static magnetic field 
spatial gradient 
Gradient magnetic fields 
RF pulses 
RF pulses 
Application of torque on object 
to align it with the field. 
Translation force on object, 
causing acceleration of object 
towards bore. 
Induce currents in conductive 
objects. 
Induce currents in conductive 
objects and tissue. 
Electromagnetic interference 
with active devices. 
Object may move undesirably, 
possibly tearing tissue. 
The object may impact the patient 
or the scanner. 
May produce slight heating, device 
malfunction or undesirable 
movement. 
May produce patient burns and 
severe heating of conductive 
materials. 
May produce device malfunction or 
induce noise. 
Table 2.1; Potential interactions of a device in the MR environment 
Cause of interference Effect on MRI scanner 
Electromagnetic emissions or noise Reduce Signal-to-noise ratio, producing poor quality images. 
IVIaterials with high susceptibility 
Conductive materials near imaging field 
of view 
IVlay produce signal voids in the 
images, and cause damage if 
accelerated towards the bore. 
Degradation of the images and/or 
signal voids. 
Table 2.2: Potential effects on the MRI scanner produced by external devices brought into the MR 
environment 
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gradient and RF fields. These components of the scanner can produce unwanted interactions on 
any device introduced inside the MR environment. The static field wUl produce a torque on any 
para- or ferromagnetic material brought into the proximity of the scanner, and the strong spatial 
gradient of the static field will result in an attractive force. Both of these effects can cause damage 
to both patient and equipment. The RF and gradient pulses can cause heating of conductive 
materials, especially if they form loops, due to eddy currents. Finally spatial constraints when 
accessing the patient inside closed bore MRI scanners provides an additional restriction when 
planning intervention. 
An important part of the focus of this research is to develop suitable solutions to the problem 
of MR compatible mechatronics, with the objective to performing an interventional task within 
the harsh constraints of the MR environment. Finding suitable actuators, materials and sensors is 
of paramount importance for the successful implementation of MR compatible robotics. 
Chapter 3 
Literature Review 
3.1 Introduction 
The objective of this chapter is to present the research efforts reported in hterature that are rel-
evant to the aims and objectives described in this thesis. The state of the art in this field has 
been very much improved over the last few years, with a growing number of MR compatible sys-
tems appearing in literature. Although the objectives of this thesis are aimed at building devices 
to be used in a 1.5T closed bore MRI scanner, manipulators designed for other types of scan-
ners (open or interventional MRI) have also been included because of their relevance. Several 
MRI compatible manipulators have been developed for assistance in a variety of surgical inter-
ventions. Some systems actively perform certain procedures like biopsy, liver and heart surgery 
[Krieger et al., 2004, Kaiser et al., 2000, Tajima et al., 2002], where the medical practitioner con-
trols the manipulator (often remotely). Others however, are used exclusively for tool positioning or 
guidance [Chinzei et al., 2000b]. Given the unique restrictions imposed by the MR environment, 
special focus will be made on the mechanical design of the manipulator in order to overcome the 
spatial constraints of the scanner and the materials, actuators and sensors used to assure MRI 
compatibility. The systems presented here have been classified depending on their principal ac-
tuation method into four categories; actuation via piezoceramic motors, pneumatics, hydrostatic 
transmissions and manual actuation. 
Different aspects of this literature review have been published in two separate publications. 
The first in the Institute of Mechanical Engineers' (IMechE) Journal of Engineering in Medicine 
- Part H [Elhawary et al., 2006] and the second in the International Journal of Medical Robotics 
and Computer Assisted Surgery [Elhawary et al., 2008a]. 
3.2 MRI Compatible Manipulators 
MRI compatible manipulators have been applied to a variety of applications within intervention 
and diagnosis. Though these apphcations are promising, several challenges must be addressed to 
develop systems which can work safely within the MR environment without disturbing the im-
ages, and in certain cases, allowing safe physical interaction with a human subject. As in most 
mechatronic systems, the actuators are the limiting components and they generally affect the de-
sign of the entire system. This is especially true in MR environments, and solutions have to be 
found to meet the performances required by the applications within the spatial, safety, and com-
patibility constraints imposed by the environment [Gassert et al., 2006b]. Conventional actuation 
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principles involving electromagnetism are generally not compatible as the fields would distort the 
homogeneity of the static field needed to produce high quality images and the permanent magnets 
would cause safety concerns if brought close to the field of the scanner. Therefore, alternative 
actuation principles must be investigated. The best choice for a given appHcation may involve 
several actuation principles, using each one for the specific bandwidth and force range for which 
it is suitable. Broadly speaking we can distinguish four main actuation principles observed in the 
systems reported in literature: piezoceramic motors, pneumatic actuation, master-slave cylinders 
with hydrostatic transmissions and manual actuation. 
3.2.1 Actuation by Piezoceramic Motors 
Piezoceramic motors produce motion based on resonant vibrations of non-magnetic piezoceramic 
materials. These motors depend on friction to produce motion of a rotor or linear rod in contact 
with the piezoceramic elements, and are therefore in principle not affected by the magnetic field of 
the scanner. They present relatively high torque at various speeds, precise positioning, fast response 
times and are simple, light and compact [Uchino, 1998]. They have virtually no backlash, can work 
without gears, and have a hard brake which makes them rigid even during a power failure. On the 
other hand, a high frequency power supply is required with each motor, and friction can reduce 
durability. The numerous advantages presented by these motors have made piezoceramic motors 
the predominant method of actuation in most of the MRI compatible manipulators developed. 
They seem to be a good alternative to regular EM motors, presenting commercial models with 
both linear and rotary motion. Shinsei Corporation Inc. in Japan [Shi, 2004], PiezoMotor AB in 
Sweden [Pie, 2004], Nanomotion Ltd. in Israel [Nan, 2005] and PI in Germany [PI, 2005] all offer 
commercial piezoceramic motors. 
Neurosurgical Manipulator 
Masamune et al. [Masamune et al., 1995] published in 1995 a system designed for needle insertion 
in stereotactic surgery (a neurosurgical procedure) under MRI guidance, at the University of Tokyo, 
Japan. It was small enough for use in a closed bore 0.5T MRI scanner, and was the first MRI 
compatible robot developed. The needle insertion system consists of a six degree of freedom (DOF) 
isocentric mechanism, as shown in Figure 3.1. 
Three ball screw drives are used as a Cartesian stage, which locates a 2 DOF isocentric arch 
with a needle insertion drive. The drive shafts in the base were made from aluminium, the motor 
gears made from brass, and all bearings made from ceramic. The manipulator's main structural 
material is Poly Ethylene Terephthalate (PET), which has only a limited rigidity. Piezoceramic 
motors from the Shinsei Kogyo Corporation [Shi, 2004] were used to drive the axes, and the whole 
system was designed to be located inside the imaging volume of the scanner, close to the anatomical 
region of intervention. 
Although the piezoceramic elements of these motors are not affected by the magnetic field of 
the scanner, they are often embedded inside ferrous materials which can result in severe image 
degradation. MRI compatible models are now commercially available (which are used in this 
system) that contain exclusively non-magnetic materials, which limit the image artifacts that they 
produce. Another important factor when using these motors is to reduce the EM noise emissions 
produced by the circuits in the motor driver. Any emissions at a frequency range close to the 
Larmor frequency of the scanner may be picked up by the sensitive receiver coils, resulting in a 
degradation of the image SNR. In this system the authors report that as soon as the motors are 
CHAPTER 3. LITERATURE REVIEW 43 
(a) 
Rotation Angle 
( - W - W ) 
X direction (105mi 
Z direction (80mm) 
Deptti Control (lOOnm) 
a 
Y direction (50mm) 
(b) 
Figure 3.1: (a) Six DOF manipulator for stereotactic surgery displaying range of motion, and (b) 
prototype placed on the table at the entrance of the MRI scanner [Masamune et al., 1995] 
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powered and actuated, severe degradation of the images is produced which renders them useless, 
and hence the motors can only be actuated when imaging is not taking place. This impedes real-
time image guidance of the end effector tool into the anatomy obscuring one of the main advantages 
of using MRI. 
Rotary optical encoders attached to the drive shafts of the motors are included and the drive 
electronics as well as a computer were placed in the corner of the scanner room, which required 
shielded cables of up to 7m in length. Although the system does present some limitations, as a 
first approximation into the field of interventional MRI compatible manipulators, this system has 
become a continuous reference for most devices developed since. 
Tool Positioning Manipulator for Intraoperative MRI 
Since then, progress has been made to try and eliminate the influence of the motors on the image. 
Chinzei et al. [Chinzei et al., 2000a, Chinzei et al., 2000b] developed at the National Institute of 
Advanced Industrial Science and Technology, MITI, Japan, a robot manipulator for use in an open 
intraoperative MRI scanner. This manipulator has five linear DOF and is designed to hold an 
axisymmetric tool, like a catheter or laser pointer. It provides the surgeon with guidance and 
enhanced accuracy for targeting lesions in a minimally invasive manner as can be seen in Figure 
3.2. An example application of the system is the needle navigation required during brachytherapy 
of the prostate. 
In this manipulator, the active elements of the robot are removed from the imaging volume and 
placed above the head of the practitioner, while two long rigid arms hang from above to reach the 
workspace. By separating the robot base from the imaging volume by at least Im the piezoceramic 
motors (Shinsei Kogyo motors) do not interfere with the images while in motion, producing only a 
2% degradation in SNR. Each linear axis has a ball screw driven by a motor and two linear guides, 
both made of stainless steel YHD50. The rigid arms are made out of a titanium alloy. 
For position feedback custom designed optical sensors were developed which used glass grating 
patterns with an accuracy of 0.02mm. All the optoelectronic circuits were located outside the 
scanner room and light was introduced and received from the encoders via fibre optic cables, 
decoupling all the electronic circuits which could cause interference in the scanner images. The 
long arms considerably decrease the rigidity of the system, producing compliance and backlash at 
the end effector location, which can compromise accuracy. 
Breast Biopsy device 
Larson et al. [Larson et al., 2003, Larson et al., 2004] developed at the University of Minnesota a 
robotic system for breast intervention in a closed bore scanner with a similar strategy of placing 
the motors at a Im distance from the imaging volume (see Figure 3.3(a)). In this case motion was 
transmitted from the piezoceramic motors to the actuated elements inside the scanner using acrylic 
telescopic shafts. The entire system is boxed and anchored to the patient table. The patient lies 
face down on the structure with their breasts placed in two round windows, one of which gives 
access to a pair of stabilisation plates and a probe positioning mechanism. The breast is then 
stabilised by compression. 
Once the patient and the device are imaged and the lesion identified, the interventional tool is 
attached on to the positioning mechanism illustrated in Figure 3.3(b), which then uses 3 DOF to 
position a biopsy needle. The whole positioning system is made of high density polyethylene and 
other MRI compatible plastics. The long acrylic rods again introduce compliance to the system 
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Figure 3.2: (a) Five DOF surgical assist robot for tool positioning in an interventional MRI scanner, 
(b) motors are placed away from the magnet isocentre above the practitioner's head with long arms 
reaching into the field of view [Chinzei and Miller, 2001] 
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Figure 3.3: (a) System manipulator placed in box structure and located underneath the patient 
bed. Acrylic rods separate the motors from the needle positioning device (b) which stabilises and 
performs the biopsy of the breast [Larson et al., 2004] 
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and are delicate and fragile. Virtually no SNR degradation was reported when this system was 
actuated, which again proves that by separating the motors a sufficient distance from the FOV, 
image degradation can be minimised. However this comes at the expense of the inevitable backlash 
and flexibilities that long transmissions introduce into any mechanism. 
3.2.2 Actuation by Pneumatic Principles 
Pneumatic actuation does not require the use of ferrous materials and its functioning principle does 
not need electrical circuits, thus fulfilling compatibility criteria. Conventional pneumatic cylinders 
can be made to be MRI compatible. However other ways of converting air flow into mechanical 
motion are also available and have successfully been tailored for use inside the MR environment. 
Innomotion^^ Robotic Assistance System 
A robotic system recently developed for assistance in percutaneous interventions and commer-
cialised as Innomotion^*^ [Inn, 2007] is shown in Figure 3.4. The system consists of a robotic arm 
with 7 DOF which positions an end effector tool at its tip and is designed for use in a closed bore 
MRI scanner (it is also compatible with CT). All joints except the needle insertion axis are actu-
ated by means of custom developed pneumatic cylinders. The redundant degrees of freedom allow 
its use for a range of percutaneous procedures including spinal intervention for pain therapy, tu-
mour therapy and biopsies [Hempel et al., 2003, Bock et al., 2005]. The system is mounted on the 
scanner table and moves along an arc-shaped support base which is located on top of the patient. 
It counts with custom developed absolute optical encoders, where the optoelectronic circuits have 
been taken outside the scanner room and light is transferred through optical fibres to the encoder 
bodies in contact with the pneumatic cylinders. Each axis is encoded with two sensors for redun-
dant positional information and a couple of optic end stops are also incorporated to each cylinder. 
Fiducial markers located in the head of the instrument holder also give a graphical representation 
of the location of the end effector in the MR images. 
The workflow of the system involves imaging the patient with the robot inside the scanner in 
order to select a target position in the anatomy and an entry point. These points are indicated in 
a specially developed graphical interface, and once defined the robot kinematics calculate the joint 
positions in order to position the end effector tool correctly. However the robot does not insert 
the needle and the scanner table must be moved outside the bore in order for the practitioner to 
manually insert the needle. 
As the system is commercial much information about the technical details of the robot is not 
readily available, and so the accuracy of the device is not known. However the author has had 
personal contact with the system, and as a shortcoming can mention its large size (which may 
mean that certain patients will not fit in the bore alongside the robot) and the relatively large 
deflection which the arm presents under load. The system is very easy to use, quite intuitive and 
is the result of a very large budget and almost a decade of development. 
Light Puncture Interventional Robot 
Taillant et al. [Taillant et al., 2004] at the TIMC-IMAG Laboratory in France, developed a Light 
Puncture Robotic (LPR) system designed to perform puncture interventions, compatible with 
both CT and MRI imaging. The device is shown in Figure 3.5(a) on top of a phantom. The LPR 
is placed on top of the patient (it weighs approximately 1kg) lying over the affected area. By 
positioning the LPR on top of the patient, it can follow the physiological movements caused for 
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Figure 3.4: (a) Innomotion^^ robotic assist system mounted on the scanner table and (b) practi-
tioner using the system to guide needle insertion into the spine [Inn, 2007] 
CHAPTER 3. LITERATURE REVIEW 49 
example by breathing. The manipulator moves thanks to four straps which connect the robot to 
a mechanical frame where the actuators are located. Two pneumatic pistons are placed by each 
strap, where they push a sprocket wheel in unit increments making the movement quite easy to 
control without having to rely on position control of a piston inside the cylinder. The sprocket 
wheel then moves a worm attached to its axis, which rotates a pulley that collects or releases the 
strap, as shown in Figure 3.5(b). All motions in this robot are produced by pneumatic actuators 
with air compressed at 3.5 bar. The plastic tubes are 7m long and lead outside of the scanner 
room where the control valves and pneumatic infrastructure is located. 
For position feedback of the manipulator, fiducial markers which appear with bright signal on 
the images were used instead of optical encoders. The markers are located around the interventional 
tool giving a direct indication of the orientation of the tool in the scanner image. This lack of 
sensors excludes any electrical circuits near the scanner but it can raise some safety questions. If 
any artifacts axe introduced (due to a specific type of needle for example) then the resulting image 
would introduce errors in the determination of the position and orientation of the tool. Sensors, 
even if they are redundant, would assure a secondary input of positional data, in case the error in 
the images was unacceptable. 
Accuracy tests performed by the authors show a less than 5% error for displacements of less 
than 30mm with tests done on a flat phantom. For greater displacements, accuracy falls. Precision 
is therefore quite difficult to achieve, blurring one of the main advantages of robotic systems, and 
motion error is expected to increase when the system is used on non planar surfaces. Furthermore 
air at 3.5bar in the proximity of a patient can cause some safety concerns in the case of a leakage 
or system failure. 
Prostate Intervention Systems 
Two separate systems to perform prostate brachytherapy using pneumatic actuation have been 
developed at the John Hopkins University, Baltimore, US. The first developed by Stoianovici et al. 
[Stoianovici et al., 2007a, Stoianovici et al., 2007b] is called the "MR Stealth" robot and is used for 
transperineal prostate interventions under multiple imaging modalities (MRI, CT and ultrasound). 
The system is shown in Figure 3.6(a) and presents 5 DOF. Three DOF allow positioning in space 
of a pneumatic needle injector, and the other 2 control its orientation (it cannot rotate around it's 
own axis). All DOF are actuated with a novel pneumatic stepper motor [Stoianovici et al., 2007a] 
which is shown in Figure 3.6(b). The motor is made exclusively out of plastics and glass and 
presents a very complex design in order to work exactly as a regular EM stepper motor. It has 
an encoder incorporated with all the circuits located outside the scanner room and has two limit 
switch fibres per axis. Both rotary and linear motion can be achieved by adding either a shaft 
or a lead screw onto the rotor of the motor, with a step size of 3.33° and 0.055mm respectively. 
With an air pressure of 0.83MPa (approx 8.3bax), speeds of up to 16.5mm/s can be obtained and 
maximum torques of 600Nmm are presented. 
The manipulator is commanded from a control cabinet which is located outside the scanner 
room, through a bundle of 6-m long air hoses and optic fibres. Seed placement accuracy tests were 
performed on an agar phantom [Patriciu et al., 2007, Muntener et al., 2006], where after registra-
tion and imaging, target points were selected inside the phantom and the robot used to position 
the needle, insert it and deploy the brachytherapy seed completely autonomously. An impressive 
mean error of 1.14mm is reported with a 0.41mm standard deviation. 
To mention some drawbacks to the system, it is extremely complex in design and kinematics. 
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Figure 3.5; (a) LPR system with pneumatic actuation located on a phantom, (b) Precisely 
controlled motion is produced by two pneumatic pistons which push a sprocket wheel in unit 
increments which collects or releases the strap, displacing the device on the patient anatomy 
[Taillant et al., 2004] 
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Figure 3.6: (a) MR Stealth robot for transperineal prostate interventions [Stoianovici et al., 2007b] 
and (b) PneuStep rotary stepper motors used to drive the robotic device [Stoianovici et al., 2007a] 
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and requires air at a relatively high pressure to work which can raise some concerns in terms of 
patient safety in case of leakage. Figure 3.6(a) also shows that the system is quite bulky, requiring 
the patient to be in the decubitus (lateral) position. 
The second system developed at John Hopkins University is reported by Fischer [Fischer et al., 2007] 
and is designed to perform transperineal prostate biopsy and brachytherapy in a 3T closed bore 
MRI scanner. The system, which presents 5-DOF, lies in the space between a leg support, hav-
ing access to the perineum with the patient in the semilithotomy position (see Figure 3.7(b)). 
The needle is positioned with two prismatic motions (horizontal and vertical displacement) and 
two orientations which can change its pitch and yaw angles (rotation around its own axis is not 
necessary). The needle insertion axis is manually actuated by the practitioner once the needle is 
positioned correctly. 
The whole system has been laser cut from acrylic and is actuated by means of custom designed 
pneumatic cylinders developed in close conjunction with manufacturers. The cylinder is made 
from glass and the piston seals from graphite providing linear motion with inherently low friction. 
The compressibility of the air make the cylinders have a low holding force, which was increased 
by coupling a pneumatic brake against the piston rod. An interesting novelty of this system is 
the use of piezoceramic pressure regulator valves which can operate inside the scanner room as 
they are not based on electromagnetic principles. This allowed the valves and low level control 
hardware to be located inside the scanner room, reducing the length of the hoses and increasing 
the system bandwidth. Joint encoding is performed with regular commercial optical encoders, 
although they must be located a certain distance from the region of interest as they produce a 
considerable artifact on the image. 
An initial prototype which incorporates 3 of the 5 DOF (horizontal and vertical displacement 
of needle, plus manual needle insertion) has been tested, with the authors demonstrating MR 
compatibihty of the system and accuracy on each actuated axis to within 5mm, which is one of 
the main drawbacks of the system. 
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Figure 3.7: (a) Transperineal prostate bradiytherapy robot made of acrylic with 4 active DOF and 
a passive needle insertion axis, and (b) robot located in the access tunnel of a patient leg support 
[Fischer et al., 2007] 
3.2,3 Actuation using Hydraulic Transmission 
It has already been shown when using piezoceramic motors that a good strategy to eliminate 
the image interference that these motors produce is to separate them from the FOV by using 
transmission mechanisms. This strategy can also be applied when using electromagnetic motors 
outside the scanner room for actuation, with hydraulic transmission a method of taking the motion 
from the motor to the driven elements inside the scanner bore. 
Haptic Interface for Human Motor Control 
Gassert et al. [Gassert et al., 2006a, Gassert et al., 2007] at the Swiss Federal Institute of Tech-
nology, in Lausanne (EPFL) developed a 2 DOF haptic interface which can interact with human 
subjects in order to study brain activity during human motor control in functional MRI. The 
design consists of two linear axes located inside the control room actuated by means of regular 
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electromagnetic motors and controllers, as shown in Figure 3.8(b). These linear stages transmit 
both motion and force to master hydraulic pistons, which in turn transmit them to a pair of slave 
cylinders in the scanner room via non-metallic conducts. The slave cyUnders are made from brass 
and stainless steel rods. A rigid aluminium structure was designed to allow placement of the 2-
DOF interface in the experimental position to the side of the scanner and is shown in Figure 3.8(a). 
Velocities of 0.3m/s can be reached, with forces of up to 30N. 
The hydraulic transmission consists of a closed system without a pump, where the fluid inside 
the pipes is pre-pressurised at 15bar. This preload assures the stiffness required to transmit forces 
and motion over long distances (between 5 and 10 metres) from master to slave with virtually no 
delay. However hydrostatic transmissions present high levels of static and dynamic friction, which 
vary with speed, acceleration and temperature, all of which significantly affect the behaviour of the 
system [Moser et al., 2003]. The static friction caused by the tight seals at the pistons cause jerk 
at direction reversals of the cylinder. The length of the hydraulic hoses has an important effect, 
as longer hoses reduce system efficiency and the system behaves non-linearly. Simulations done by 
Ganesh et al. [Ganesh et al., 2004] showed that by reducing the transmission length from 10m to 
6m, the energy transmission almost doubles. Therefore it is important to maintain transmission 
length at a minimum. 
Again it is important to mention the safety concerns of having oil at high pressures close 
to a patient, with the added inconvenience of potential leaks leading to contamination of the 
environment by the spilt oil. The system is also large and not very portable due to the required 
hydraulic infrastructure and aluminium mounting frame needed. 
Minimally Invasive Liver Surgery 
Kim et al. [Kim et al., 2002] developed at the University of Tokyo, Japan, a manipulator for 
minimally invasive liver surgery for use inside a vertical field open MRI scanner. The system 
consists of a pair of forceps driven by a master-slave piston actuation mechanism as shown in 
Figure 3.9. Actuation is produced by a similar method to the previous system, except that instead 
of using DC motors to actuate the master piston in the control room, it uses piezoceramic actuation 
at the master which is then transmitted hydrostatically to the slave. By using a piezoceramic motor 
to move the piston of the master cylinder, it can be introduced inside the MR scanner room ctnd 
the length of the transmission pipes considerably shortened to 150cm with a 1.5mm diameter, 
increasing system performance. 
3.2.4 Remote Manual Actuation 
With most of the actuation techniques reviewed, problems have aroused due to image degradation, 
backlash and compliance in transmission mechanisms, insufficient positioning accuracy and possible 
leakages. Using manual actuation can avoid most of these problems, reducing system complexity 
enormously. A number of manipulators have been developed as passive guides for intervention 
although due to their simplistic nature only one is reviewed in detail. 
Prostate Biopsy Manipulator 
Fichtinger et al. [Krieger et al., 2004, Fichtinger et al., 2002] designed and tested at the John 
Hopkins University, Baltimore, USA, a MRI guided manipulator for prostate interventions in a 
closed bore 1.5T MRI scanner. The system is comprised of a 3 DOF manipulator and is displayed 
in Figure 3.10(a). The manipulator arm is mounted on the table and clamped onto the scanner bed 
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Figure 3.8: (a) 2 DOF haptic interface mounted on an aluminium frame, and (b) 2 linear cylinders 
and pistons actuated by means of DC motors which transmit their motion to slave pistons through 
a hydrostatic transmission [Gassert et al., 2006a] 
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Figure 3.9; (a) MRI compatible forceps for liver surgery, and (b) actuation provided using master 
slave cylinders with piezoceramic motors and a hydrostatic transmission [Kim et al., 2002] 
with the patient in the prone position. It contains two ball joints for adjusting gross positioning of 
a 23 mm diameter rectal sheath, which is inserted into the rectum of the patient and placed next to 
the prostate. The sheath includes an RF receiver coil for increased resolution imaging around the 
prostate. It remains stationary in the rectum, supporting and stabilising the prostatic tissue from 
excessive deformation during the procedure. Inside the sheath is a needle guide which contains 
a channel through which the needle will be fired and which can rotate around its own axis and 
translate into and out of the rectum, as illustrated in Figure 3.10(b). The last DOF is accounted 
for by controlling needle insertion depth. The needle forms a 45 degree angle between the axis of 
the sheath and its own axis to be able to access all areas of the prostate. 
This manipulator is manually actuated so it avoids a number of compatibility problems. It 
relies exclusively on the manual rotation of two flexible shafts which axe converted into translation 
and rotation of the needle guide by means of a gear stage. For position sensing active fiducial 
markers (which are micro coils connected to imaging channels of the scanner) are embedded in the 
needle guide, which in combination with a special imaging sequence can give relatively fast position 
update rates (once a second) enabling their spatial location to be known in the coordinates of the 
MRI scanner. Three coils are used, two aligned along the axis of the needle guide, and the other 
placed off axis to encode rotation as well as translation. 
The two flexible shafts that provide the rotation and translation of the needle guide are made 
out of non-magnetic phosphor bronze, and encased in nylon tubing. The curved needle channel 
requires the needle to bend a considerable amount without exceeding elastic deformation, and so 
a customised needle made with Nitinol was constructed contributing sufficient elasticity as well as 
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Figure 3.10; (a) Three DOF manipulator for MRI guided prostate transrectal biopsy actuated 
manually by the practitioner, and (b) detail of the needle guide which moves to position a needle 
channel at the right orientation to hit a target in the prostate [Krieger et al., 2004] 
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magnetic compatibility. 
The workflow of the device to perform a biopsy is to taJte a high resolution preoperative image 
and select a target. The inverse kinematics calculate the amount each joint needs to move to reach 
that target and the practitioner moves the rods accordingly. As the rods are moved, the fiducial 
markers are detected and the remaining joint motion updated and displayed on the screen, along 
with needle insertion. 
This method of encoding and actuation make the device very portable and simple to use, with 
an intuitive workflow. However the inverse kinematics rely on the target position selected on 
the preoperative image to be fixed, that is, it calculates the joint values to move to the original 
selected target. If there is tissue deformation or slight patient motion during the procedure, the 
position of the target in the prostate may have changed spatial location which is not considered 
by the system kinematics. Clinical trials [Susil et al., 2004] however show that the average needle 
placement error was only 1.8mm over a total number of 15 biopsies. Generally, tissue biopsies are 
quite long (around 15mm) and only 1.5mm in diameter. Therefore small errors in the insertion 
depth are not so important, while transverse target tissue inaccuracies have more consequences. 
In this device transverse errors were around 2.6mm. 
3.2.5 Summary of Literature Review 
A summary of the reviewed systems, with their DOF, actuation methods, position sensors and 
materials, is presented in Table 3.1. 
3.3 Discussion and Conclusions 
The objective of this review was to describe different actuation methods and strategies that have 
been implemented in the MRI compatible manipulators developed over the last decade or so, in 
order to base this current work on previous knowledge in the field. In this review, the manipula-
tors considered have been classified depending on the technology used for motion, distinguishing 
four groups: piezoceramic motors, pneumatic actuation, master-slave cylinders with hydrostatic 
transmission and remote manual actuation (passive devices). 
Piezoceramic motors were a very common alternative to regular DC motors, as their operating 
principle is based on electric fields (not magnetic fields) and commercial MR compatible versions 
are available with acceptable torques and speeds. However noise interference produced a nega-
tive impact on the MR images [Masamune et al., 1995] and often impeded placing these motors 
directly inside the field of view of the scanner. One method to avoid this image degradation is 
to separate the actuators from the imaging volume and use some sort of transmission to take 
the motion from the motor to the actuated elements close to the patient anatomy. A distance 
of approximately Im [Chinzei et al., 2000a, Larson et al., 2004, Koseki et al., 2000] was sufficient 
to reduce the SNR degradation to a negligible value, and the transmission methods varied from 
acrylic telescopic rods [Larson et al., 2003], hydrostatic transmissions [Kim et al., 2002] and long 
titanium arms [Chinzei et al., 2000a]. However, these mechanism inevitably introduce backlash, 
compliance and unwanted flexibilities and generally occupied large amounts of space, making the 
system larger and more complex. 
Pneumatic transmissions are a common feature in MR suites as they are used in the head-
phone systems and emergency indicators. Pneumatic actuators are a simple and efficient way to 
generate binary movements with low bandwidth within an MR environment. Pistons from 
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compatible materials can easily be constructed or adapted and MR suites are often equipped with 
compressed air supplies. For these reasons, pneumatic actuators have been used in several MRI 
compatible devices [Stoianovici et al., 2007b, Fischer et al., 2007, Inn, 2007, Taillant et al., 2004]. 
Binary acting pneumatically controlled pistons can provide excellent clamping mechanisms and 
brakes [Fischer et al., 2007], which can be used to mechanically fix or release components. In most 
cases, conventional electromagnetic valves are placed inside the control room with long hoses con-
necting them to the pneumatic actuators, or the valves are placed inside a shielded box several 
metres away from the scanner. Commercially available piezovalves allow bringing them closer to 
the scanner bore, shortening the hose lengths and increasing the bandwidth by reducing delays 
[Fischer et al., 2007]. For more sophisticated motions other than binary movements, accurate po-
sition control has proven difficult to obtain because of the delay, non-linear friction and limited 
bandwidth due to the compressible medium. Good results have been achieved however by using 
pistons to move a sprocket wheel [Taillant et al., 2004], or using sophisticated control algorithms 
[Inn, 2007] to obtain slow and continuous movement of the piston actuators. A custom developed 
pneumatic stepper motor was developed with a step size of 0.055mm [Stoianovici et al., 2007a] 
which allows open-loop position control. Pneumatic actuators offer relatively high speeds, large 
availability of components and readily available compressed air supply. Their main drawbacks are 
the large delay and limited bandwidth due to the compressibility of air, decreased rigidity, less 
straightforward control and the relatively large non-linear frictional forces in the cylinder. 
Hydraulic actuators offer the advantages of high stiffness and incompressible flow at the expense 
of speed and friction, more difficult fluid connections, larger infrastructure and the potential for 
leaks which can contaminate the environment. The closed system nature of hydraulic actuators 
make them lack portability and ease of connections. In addition safety concerns for both people 
and equipment are raised by the relatively high pressures of the oil in the hoses. The length of the 
tubes that carry the fluid often proved critical when trying to achieve accurate position control 
due to dynamic effects like friction and slip [Ganesh et al., 2004]. 
Passive devices which require manual actuation can considerably reduce system and workflow 
complexity, as they require less infrastructure and equipment to drive the axes ensuring MR com-
patibility. However it is by nature slow and imprecise as it depends on the practitioner translating 
or rotating flexible rods. Transmitting large forces over these flexible transmissions can also be 
problematic. 
Regarding material selection, a variety of plastics and non-magnetic materials were used. Tita-
nium, aluminium, berylhum copper, brass, tungsten, stainless steel, and a variety of high density 
plastics like Delrin@, PET, PEEK, Polyoxymethylene etc. figure among the reported systems. 
Although plastics are ideally MRI compatible, they often lack the necessary rigidity for the manip-
ulator structure. Material selection generally depends on the distance from the imaging volume the 
element will be placed at. Non-magnetic and non-conductive materials may be required very near 
the magnet isocentre, and only small amounts of low paramagnetic materials. Larger amounts of 
non-magnetic metals may be acceptable at a small distance from the magnet isocentre, allowing 
improved stiffness. 
For position sensing a variety of solutions were used, (i) ordinary commercial optical encoders 
located at a distance from the isocentre, (ii) custom made optical encoders which separate the 
electrical circuits needed (often located outside the scanner room) from the encoder body and (iii) 
tracking the position of fiducial markers in the imaging. Commercial encoders are the most cost 
effective solution although depending on their location in the bore, they may produce unacceptable 
artifacts. The custom developed encoders are an ideal technical solution as the circuits are com-
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pletely separated from the seamier coils isolating any type of interference, but they are not readily 
available for purchase inexpensively. Finally the method of tracking fiducial markers has the ad-
vantage of tracking the real position of the manipulator including any deflection in the structure 
(which may be significant depending on the structural material used). However update rates using 
imaging techniques to track fiducials tend to be too slow for servoing purposes, and if the fiducials 
are active [Krieger et al., 2005, Krieger et al., 2007], they require connecting to the scanner (which 
must have free channels to do so) which makes the portability of the system between scanners 
more difficult. 
Chapter 4 
MRI Compatible Materials, Sensors 
and Actuators 
4.1 Introduction 
In order to develop mechatronic devices which are compatible with the MR environment, suitable 
materials, sensors and actuators must be selected which can operate correctly within the magnetic 
fields present while not adversely affecting the MR images. Suitable technology must therefore be 
sourced commercially or custom developed for use in MR compatible medical devices. 
This chapter starts by describing how to select suitable materials for use inside a MRI scanner, 
depending on requirements of rigidity and the location of the object inside the scanner room. 
Sensing technology is then discussed with a suitable optical encoder presented for position encoding. 
Finally two actuation methods are developed which can provide motion at different ranges of load 
and speed. The first consists of commercial piezoceramic technology, and the second is a custom 
developed pneumatic rotary motor. 
4.2 MR Compatible Materials 
The interaction between external objects and the fields present in the MR environment make the 
selection of suitable materials a paramount factor when considering MR guided intervention. The 
choice of materials for instrumentation and robotic elements determines the positional accuracy 
of the MR images and can be an important source of artifacts and the hazards associated with 
magnetic forces and torques. 
There are a number of factors that need to be considered when selecting a suitable material for 
the MR environment. Apart from the usual engineering considerations of cost, structural strength 
and machinability, it is important to weigh other variables such as the inherent magnetisation 
that some materials present; the magnetic susceptibility, which is a good measure to establish the 
forces and torques which will appear on the element; the electrical conductivity, which will define 
the existence of eddy currents as a result of gradient and RF pulses; and other factors such as 
geometry, volume and orientation, which can all affect the homogeneity of the static field of the 
scanner in different measures. 
Before designing mechatronic devices to be used inside a MRI scanner, a material study is 
required to consider in detail the factors that best describe the interaction between a material 
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and the magnetic fields of the scanner. Of special consideration is the artifact that a particular 
material will produce inside the field of view of an MR image. The following section provides an 
insight into the physical factors that contribute to the interaction between a material and the MR 
environment. A series of tests were then performed in order to quantify the artifacts produced by 
a set of materials, and based on these results suitable materials can be selected. 
4.2.1 Factors Influencing Material Interaction in MRI 
Magnetic Susceptibility 
The magnetic susceptibility of a material is a quantitative measure of its tendency to interact with 
an applied magnetic field, and to distort its value [Schenck, 1996]. It is represented by the letter 
% and is dimensionless. This property becomes fundamental in the choice of materials for objects 
to be used in the MR environment, as it is an important source of image artifacts and of the 
forces and torques experienced by foreign bodies inside the MRI room (see equations 2.1 and 2.2 
of Chapter 2). For most materials the magnetisation M can be expressed as: 
M = Mo + x H (4.1) 
where Mq represents inherent magnetisation that is present in some materials even in the absence 
of an applied magnetic field, % is the magnetic susceptibility which is a physical property of the 
material and H is the external applied field [Schenck, 1996]. Materials that have a substantial Vcdue 
of Mo are easily identified by bringing a small magnet close and can be excluded from consideration. 
Materials which are typically ferromagnetic present this behaviour, although the value of Mq will 
depend on the history of their field exposure. The term x H accounts for magnetisation in the 
material induced by an external field, and hence, the importance of considering susceptibility 
when selecting a suitable material. 
Materials can be classified by their susceptibility in: 
* Ferromagnetic: x has a positive elevated value (greater than 0.01), meaning that the local 
magnetic field is strengthened in the presence of the material. Examples of ferromagnetic materials 
are iron and steel. 
* Paramagnetic: the value of x varies between 0 and 0.01. Examples of paramagnetic materials 
are titanium and aluminium. 
* Diamagnetic: the value of % varies between -1 and 0. Examples of diamagnetic materials are 
copper and zirconia. 
Schenck [Schenck, 1996] presents a general criteria for considering a material with a suscep-
tibility X as safe or compatible, which is shown in Table 4.1, although the precise susceptibility 
boundaries between the two classifications is approximate and will generally vary with the appli-
cation. In general, paramagnetic and diamagnetic materials will be suitable from a safety point 
of view (ferromagnetic materials will be generally excluded), although in the case of paramag-
netic materials serious image artifacts can be produced. The susceptibility spectrum of a range of 
materials is presented in Figure 4.1 which shows the region of MRI compatibility. 
Ideally, materials chosen for mechatronic devices operating inside an MRI scanner should not 
perturb the pre-existing magnetic fields [Shellock, 2002]. Therefore for optimum susceptibility 
matching, objects to be located in the region outside the patient should have % = 0, which tech-
nically means a susceptibility close to that of air (xair = 0.36 x 10'®), and if in contact with the 
patient its value should be similar to that of human tissue or water (Xwater = —9.05 x 10"®). In 
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Figure 4.1: Susceptibility spectrum showing the full range of observed magnetic susceptibiUty 
values. The bottom half of the figure shows the region of MR compatibility on a linear scale, with 
susceptibilities of only a few ppm [Schenck, 1996] 
Conditions Compatibiiity Examples Comments 
and/or |%| > 10"^ Not MR safe 
iron, cobalt, 
magnetic stainless 
steel, nickel 
These materials experience 
strong magnetic forces and 
torques and create image 
distortion and degradation 
even when located far from 
the imaging region 
MR safe 
MR 
compatible 
Titanium, bismuth, 
non-magnetic 
stainless steel 
Water, human 
tissue, copper, nylon 
These materials do not 
experience easily detectable 
forces or torques, but they 
can produce marl<ed image 
distortion and degradation if 
located close to the imaging 
region 
These materials produce no 
easily detectable forces or 
torques and very limited or 
negligible image distortion or 
degradation even if located 
near the imaging region 
Table 4.1; MRI safety and compatibility criteria for materials with a susceptibility % where 
Xwater = -9 .05 X 10~® [Schenck, 1996]. Most tissues are considered to be within Ippm from 
the susceptibility of water. 
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practice however, many compromises with the ideal susceptibility criterion have to be made in 
order to use a material which can fulfill structural objectives at a reasonable cost. 
Electrical Conductivity 
Magnetic susceptibility is not the only important property to consider for material selection in 
the MR environment. The magnetic fields of the scanner interact with all electrically conductive 
materials, inducing currents which can produce heating in closed conducting circuits, distortion 
of the RF field profile and image artifacts. To avoid this interaction, ideal materials should be 
electrical insulators. Ceramics and thermoplastic polymers are examples of compatible materials, 
with low magnetic susceptibility and good electrical insulation. Some metallic materials such as 
beryllium copper, brass, non-magnetic stainless steel, aluminium and titanium also have good 
non-magnetic properties although they are conductive. Experimentally it has been shown that 
reasonable masses of non-magnetic metals can be accommodated within the imaging region without 
significant detriment of the image [Schenck, 1996]. 
Other Factors 
An ideal material is that which does not interact with the magnetic fields in the scanner. When 
an object like soft tissue or a biopsy needle is placed in a uniform magnetic field Bq, it becomes 
magnetised and produces an induced field which distorts the original one. A number of factors can 
affect the magnetisation of a material, and these include geometry, mass, volume, orientation in 
the scanner and the presence of any impurities. The induced magnetisation varies from point to 
point in the object, and its precise calculation generally requires numerical methods to obtain a 
self-consistent solution to a partial differential equation boundary value problem [Schenck, 1996]. 
Although closed-form algebraic solutions can be obtained for relatively simple geometries, any 
irregular shaped object requires numerical resolution. Thus, a rigorous calculation of the distortion 
of the static field by the magnetisation of the introduced object is not within the scope of this 
thesis. 
Another factor to consider is the change of magnetisation characteristics that can occur in a ma-
terial when it is subject to a working process (i.e. machining, molding, bending) [Stoianovici, 2005]. 
In addition, the interaction between a material and its magnetic environment varies depending on 
the image sequence used, as field gradients and RF pulses are driven at different frequencies and 
levels depending on the type of image sequence used. 
4.2.2 Material Selection and Testing 
The previous sections show the numerous factors to consider when selecting materials for use inside 
the MR environment and also the complexity involved if the precise interaction of the material 
with the external fields is to be quantified. It is important however to come up with some general 
criteria when selecting materials, and therefore a series of tests were devised with the objective of 
providing a list of suitable materials for engineering applications in the MR environment. These 
tests will quantify the artifact produced by a set of materials which all have the same geometry 
and which are imaged under a series of predefined conditions. By quantifying the artifact produced 
by a particular material, the minimum distance at which each material must be located from the 
ROI in the scanner can be given, and hence the suitability of a material can be established for 
a given application. Finally, using these results, a general criteria for selecting materials for MR 
compatible devices in the scanner will be given. 
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The tests consist of the following steps; 
1. Selection of a group of materials which fall within the susceptibility spectrum displayed in 
Figure 4.1 (this will assure MR safety) and that have adequate engineering properties 
2. Production of samples of each of these materials in two different standard shapes: a cylindrical 
rod and a square. 
3. Scanning of each sample shape and quantification of the size of the artifact produced by each 
using the ASTM F2119 standard. 
4. Classification of the selected materials considering the size of the artifact produced so a 
criteria can be established for selecting a material depending on its location within the 
scanner bore. 
Tested Materials 
A group of 22 materials were selected based on their susceptibility values and some basic practical 
considerations. Materials that were excessively expensive (i.e. precious metals) were eliminated, as 
were those that presented high levels of toxicity for human health, inadequate mechanical strength 
or poor manufacturing properties. The following materials were selected from the different material 
classes: 
• Woods: MDF (medium-density fibreboard) and Mahogany 
• Polymers: Perspex@ (Acryhc), PEEK(Polyethylether ketone ), Delrin@ (Polyoxymethy-
lene), Norester@ 988V, Nylon (polyamide), Ertalon@ (glass reinforced Nylon), Thermostar@ 
LC610, Teflon@ (PTFE), Carbon fibre reinforced Vinyl Ester (PAN grade Carbon), Glass 
fibre reinforced Vinyl Ester, Glass filled Nylon 66 
• Ceramics: Macor@, Alumina 
• Metals: Dural(S) (Aluminium alloy), Plain Brass, Brass, Stainless Steel 316, Titanium, AR-
CAP@ (copper-niquel alloy). Beryllium Copper and Lead 
Where possible, two standard shapes were made out of each material. The first is a square plate of 
width and height 40mm, and 10mm thickness. The second is a cylindrical rod of 50mm length and 
10mm diameter. Figure 4.2 shows the test materials once they were machined into the required 
sizes. In some cases it was not possible to obtain both a cylindrical rod and a square from a 
particular material due to suppher limitations. 
Imaging Methods 
When an object is introduced into the scanner bore, it can distort the spatial distribution of the 
magnetic fields present which can result in the appearance of an artifact in the MR image. If the 
artifact covers the region of interest of the image, it can result in positional distortion and/or loss 
of signal, and at worst render the image diagnostically useless. It is therefore important to quantify 
the signal loss artifact produced by an object, which will give an idea of how far the object needs 
to be separated &om the region of interest (ROI) to conserve vital information. 
The American Society for Testing Materials (ASTM) has produced the F2119 standard [AST, 2001] 
which describes a test protocol to quantify the maximum image artifact size of passive devices in 
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(b) 
Lead BeCu Dural Titanium Alumina Macor Mahogany MDF 
Delrin TInermostar Glass Filled Ertalon 
Nylon 66 
Nylon Glass Fibre Teflon 
Perspex 
Figure 4.2: Test materials cut into two standard shapes: (a) cyHndrical rods and (b) square pieces. 
Materials were chosen considering susceptibility values and practical engineering considerations. 
the scanner under a standard set of conditions. Although it is designed for passive devices such as 
implants, it can still be used to evaluate artifact sizes of active devices when power is not applied. 
The F2119 standard only applies to objects that have already been considered MR safe. The 
procedure to obtain the maximum artifact size of an object in the MR scanner can be summarised 
as follows: 
1. A large container is filled with a CuSOi solution (1.25g/l concentration) and scanned using 
a spin echo and a gradient echo sequence. The CUSO4 solution is used as it is an inexpensive 
method to tailor the relaxation times of the solution, reducing T1 and keeping TR to a 
reasonable level. These images act as a control. The details of these sequences are given in 
the table in Figure 4.3(a), and they are used throughout the whole procedure. 
2. The object to be tested is then suspended in the container with a nylon netting, with its 
main axis aligned with the static field Bo, with at least 40mm of solution around the object 
on all sides. A reference object from a non-distorting material (i.e. a 10mm diameter nylon 
cylinder) must also be included in the container. A cross section of the reference cylinder, 
which has a known diameter, can be used to scale distances. 
3. With the object in the container two spin echo sequences are taken, each with the phase 
encode and frequency encode directions swapped. 
4. The test object's main axis is then placed at a perpendicular orientation to the Bo field and 
step 3 is repeated. This is done for both perpendicular orientations (z-axis and j/-axis) to 
the main field. 
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5. The spin echo images are processed, and for the set of conditions (orientation of the test 
object and phase encode direction) that produced the largest artifact, a gradient echo image 
is obtained. This sequence should give the largest artifact produced by the test object. 
6. The size of the maximum artifact produced is calculated and displayed together with the set 
of conditions it was obtained at. 
To calculate the artifact produced by a device in an MR image, the ASTM standard indicates that 
a pixel in the MR image is considered to be part of an artifact if its signal intensity is changed 
by at least 30% when the device is present compared to when the device is not present, that is, 
when it is compared with the initial control image of only the large container with solution. This 
is expressed by the following formula: 
fPixelimage P'^Xelcontrol\ \ o 
where Pixekmage is the signal intensity at a pixel in the MR image containing the object being 
tested, and Pixelcontroi is the signal intensity at the same pixel in the control image. The size of an 
artifact is considered as the maximum vertical or horizontal distance in mm between the boundary 
of the object and the fringe of the artifact. A schematic of how the artifact is calculated is given 
in Figure 4.3(b). It is worth noting that this method of artifact calculation can present errors if 
care is not taken to eliminate air bubbles or impurities in the phantom and material sample. The 
signal change produced by these may be considered as part of the artifact by the software. 
For imaging the selected materials, each material sample was placed in a container filled with 
the CuSOi solution, located in the scanner isocentre and their maximum artifact obtained under 
the described ASTM F2119 standard, using a 1.5T Siemens Magnetom Vision scanner and its 
body coil. To obtain the image artifact produced by each sample, image processing software was 
written in Matlab (The Mathworks Incorporation), which required as inputs; (i) the MR images 
in DICOM format and (ii) a text file which specifies sequence and scan number of each image and 
the material type and shape being scanned. The software then generates as an output a text file 
with the maximum artifact size produced by each shape of material. This process is represented 
schematically in Figure 4.4. 
4.2.3 Results of Material Testing 
A summary of the results obtained from scanning the selected materials is presented in Tables 4.2 
and 4.3. For each material shape the maximum artifact size produced by each sample and the 
conditions under which it was obtained is presented, in descending order of artifact size. Some 
mechanical properties are also included in the table for reference. Displayed in Figure 4.5 are 
MR scans of three materials (a cylindrical rod of stainless steel 316, a square plate of Titanium 
and another of Perspex@), along with the generated artifact extracted for processing and size 
quantification which can be obtained using the image processing software developed. The stainless 
steel sample produces a large artifact of over 59mm, whereas the Titanium square generates an 
artifact of 30.3mm and the Perspex@ only 2.6mm. A complete set of figures showing the artifact 
of each material tested is provided in Appendix A. 
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(a) 
Parameter Spin Echo Gradient Echo 
Field Strength (T) 1.5 1.5 
FOV (mm) 200 200 
Bandwidth (kHz) 32 32 
Matrix Size 256x256 256x255 
Slice Thickness (mm) 5/3 5/3 
TR (ms) 500 100-500 
TE (ms) 20 15 
Flip Angle (°) 
- 30 
Orientation Sagittal Sagittal 
(b) 
Artifact WIDTH 
Artifect HEIGHT 
Artifact's 
bounding box 
Horizontal distance 
Edge of the 
sample 
Vertical distance 
Artifact Size = max [Horizontal distance, Vertical distance] 
Figure 4.3: Artifact calculation as established by the ASTM standard F2119, (a) image sequence 
parameters required for imaging the artifact produced by the object, and (b) shows a schematic 
for artifact calculation, defined as the maximum vertical or horizontal distance between the fringe 
of the artifact and the boundary of the test object. 
A large container is filled with a CuSO^, solution (1.25g/l concentration) and scanned using a spin 
echo and a gradient echo sequence. The solution is used as it is an inexpensive method to 
tailor the relaxation times of the solution, reducing T1 and keeping TR to a reasonable level 
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Type 
Sequence Cl)aracteristics Meciianical Properties 
Material Max Artifact (mm) 
Orientation Sequence Ptiase Encode Dir 
Cost Density 
(I(g/m3) 
Young's Modulus 
(GPa) 
Ult Tensile 
Strengtli(MPa) 
COMMENTS 
Metal Stainless Steel 316 59.1 perBo GE P->A Med 8000 193 550 Good machining properties 
Metal Brass 43.4 perBo GE H->F Low 8470 105 340 Good machining properties 
Metal Plain Brass 26.7 perBo GE P->A Low 8530 110 300 Good machining properties 
Metal ARCAP 25.5 perBo GE H->F Med 8800 165 450 Good machining properties 
Metal Titanium 24.5 perBo GE H->F High 4500 116 220 Material is very hard to cut. Requires extra-hard tools 
Metal Dural 13.4 perBo GE H->F Low 2800 73 420 Good machining properties 
Polymer Glass Fibre 7.8 Bo GE H->F Med 1800 27 500 Poor machining properties due to fibres. Hard to drill and cut threads 
Ceramic Alumina 7.5 Bo GE P->A Med 3960 370 300 Very brittle 
Wood Mahogany 5.2 perBo GE H->F Low 600 8.5 2.4 Very poor tolerances 
Metal Beryllium-Copper 4.9 perBo GE H->F Med 8260 131 1300 When heated can be toxic 
Metal Lead 4.7 Bo GE H->F Low 11340 14 18 Good machining properties 
Polymer Carbon Fibre 3.5 Bo GE H->F Med 1600 96 1250 
Poor machining properties due to 
fibres. Hard to drill and cut threads 
Ceramic MACOR 3.5 Bo GE P->A Med 2520 67 94 Good machining properties 
although brittle 
Ploymer Norester 3.5 Bo GE P->A Low 1210 3.7 47 Good machining properties 
Polymer Perspex 2.8 perBo GE H->F Low 1190 3.1 70.3 Good machining properties 
Polymer PEEK 2.7 Bo GE P->A Low 1260 15 100 Good machining properties 
Polymer Delrin 2.0 Bo GE P->A Low 1410 3.1 75.8 Good machining properties 
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Material Max Artifact (mm)' 
Orientation Sequence Phase Encode DIr 
Cost 
Mechanical Properties 
Density Young's Modulus UIL Tensile 
(kg/m3) (GPa) Stiengtti(MPa) 
COMMENTS 
Metal Titanium 30.3 Bo GE P->A High 4500 116 220 Material is very hard to cuL Requires extra-hard tools 
Metal Dural 18.7 Bo GE P->A Low 2800 73 420 Good machining properties 
Metal Beryllium-Copper 14,9 Bo GE H->F Med 8260 131 1300 When heated can be toxic 
Metal Lead 13.4 Bo GE P->A Low 11340 14 18 Good machining properties 
Polymer Thermostar 10.5 Bo GE P->A Med 2100 65 430 Poor machining properties. Quite brittle and very hard. 
Ceramic Alumina 7.8 Bo GE P->A Med 3960 370 300 Very brittle 
Polymer Glass Fibre 6.9 Bo GE P->A Med 1800 27 500 Poor machining properties due to fibres. Hard to drill and cut threads 
Polymer Ertalon 5.4 Bo GE P->A Med 1183 5.9 100 
Good machining properties, 
although more expensive than 
other polymers 
Polymer Nylon 5.2 Bo GE P->A Low 1250 4 40 Good machining properties 
Polymer Glass Nylon 66 4.4 Bo GE P->A Low 1340 8 80 Good machining properties 
Polymer Teflon 4.2 Bo GE P->A Low 2120 0.625 28 Not easy to machine due to very low coeficient of friction 
Polymer Delrin 3.6 Bo GE H->F Low 1410 3.1 75.8 Good machining properties 
Ceramic MACOR 2.7 Bo GE P->A Med 2520 67 94 
Good machining properties 
although brittle 
Polymer Perspex 2.6 Bo GE P->A Low 1190 3.1 70.3 Good machining properties 
Wood Mahogany 1.4 Bo SE H->F Low 600 8.5 2.4 Very poor tolerances 
Wood MDF 0.5 Bo SE H->F Low 700 2.5 1 Very poor tolerances 
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Artifact 
SamplesResults.csv 
MR Images (DICOM): Extract and Measure Save Results to 
Phantom and Maximum Artifact Text File 
Image with Material 
Figure 4.4: Main steps to calculate the SNR of an image using image processing software in 
Matlab: (i) input of DICOM images and text file listing material shape and their corresponding 
scan numbers, (ii) calculation of the maximum image artifact size for each shape, and (iii) output 
of artifact size of each material to text file. 
4.2.4 Discussion and Conclusions 
The data presented in Tables 4.2 and 4.3 show that the stainless steel 316 cylindrical rod presents 
the largest artifact size of 59.1mm and that Titanium has the largest artifact of 30.3mm for the 
square samples. The materials with the smallest artifact size are Delrin @ for the rods with a 2mm 
artifact and both the woods, Mahogany and MDF, for the squares with 1.4 and 0.5mm respectively. 
It is useful to recall that the artifact size is the largest artifact under the worse set of conditions 
specified in the ASTM standard F2119, and represents the minimum distance at which the object 
needs to be located away from the imaged region of interest. These tests therefore give an idea of 
what material to select depending on its desired location within the imaging region. If an element 
is to be located very near to the anatomy being scanned, then the materials at the bottom end of 
the table should be used. For materials located at a larger distance from the imaging region, the 
materials at the top of the table are also a feasible option. 
It can be noted that the metals present the largest artifacts, which was expected as their 
susceptibility values are higher than in the case of the polymers or ceramics. The exception to 
this general rule is the case of beryllium copper and lead, as these present reasonably low artifact 
sizes, especially when they are shaped as rods. The group of metals present the highest modulus 
of elasticity and tensile strengths, providing good mechanical properties. At the bottom of the 
table appear the polymers, especially Perspex@, PEEK and Delrin@, and the woods. These have 
only tiny artifacts, but also present low mechanical strength. A clear exception is Thermostar@, 
which presents tensile strengths higher than some of the metals but producing only small artifacts. 
However its poor machining properties do not recommend its use. 
Another interesting group are the composites, which generally present low artifact sizes (glass 
fibre and carbon fibre reinforced polymers, Ertalon and glass filled nylon 66 are all at mid table 
for both shapes) and yet have intermediate mechanical properties between the metals and the 
polymers. Although the glass and the carbon fibre reinforced polymers do not have exceedingly 
good machining properties (the fibres make milling, drilling and applying threads quite difficult). 
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(a) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Stalnles@ Sted 316 
Sequence parameters: dr perBo. GE. P->A 
Sample WIDTH - 10 mm 
Sample HEIGHT = 10 mm 
MAXIMUM ARTIFACT DISTANCE = 59.0625 mm 
In date 20071003, scan # 101, slice # 11 
Artifact WIDTH = 118 pixel = 92.1875 mm 
Artifact HEIGHT = 164 pixel = 128.125 mm 
(b) 
Original image 
SAMPLE: SOUARE-Titanlimn 
Sequwce parameters: dr Bo, GE, P->A 
Sample WIDTH - 8 mm 
Sample HEIGHT = 50,3 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 303186 nrm 
In date 20071008. scan # 189, s6ce# 11 
Artifact WIDTH = 56 pixel = 43.75 mm 
Artifact HEIGHT = 142 pixel = 110.9375 mm 
(0 
Original image 
SAMPLE: SQUARE-Perspex 
Sequence parameters: dir Bo. GE, P->A 
Sample WIDTH = 8 mm 
Sample HEIGHT = 40 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 2.6406 mm 
In date 20071004, scan #181. slice # 10 
Artifact WIDTH = 17 pixel = 13.2813 mm 
Artifact HEIGHT = 53 pixel = 41.4063 mm 
Figure 4.5: Maximum artifact sizes corresponding to (a) cylindrical rod of stainless steel 316 and 
a square plate of (b) Titanium and (c) Perspex(R). 
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the glass filled nylon 66 and Ertalon@ axe easy to machine, and provide a good alternative when 
higher strengths are required. 
With regards to the ceramics, Macor@ and Alumina, they both present only small artifacts, 
under 8mm in every case, but they are expensive, brittle and require special care to machine. Ma-
cor@ has mechanical properties comparable with the stronger polymers, i.e. Ertalon @ and Glass 
filled Nylon 66, and although Alumina has a high tensile strength, their use is not recommended 
as a general material for component design, as better alternatives axe available within the sampled 
materials. 
The data shows how the artifact size is dependent on the geometry and volume of the sample, 
as the same material does not present the same artifact size for both rod and square. For example, 
beryllium copper produces an artifact size of 4.9mm when shaped as a rod and almost 15mm 
when shaped as a square. The artifact size will therefore depend on the form each sample will 
be machined to, and as such these tests cannot be considered as a substitute to the individual 
testing of a component located in the scanner. These results axe useful however to develop a 
general criteria when selecting a material for a component which is designed for use at a particular 
distance from the ROI within the scanner bore. 
A simple design methodology for material selection can be devised from the results of these 
tests. The methodology is summarised in Figure 4.6. It lists a selection of materials in order 
of preference depending on their location inside the scanner and on requirements of mechanical 
strength. For example, if a material is to be located very close to the imaging region and strength is 
not important, then Delrin@ is the preferred material, followed by Perspex@, Nylon and PEEK. 
If high strength is required, then an aluminium alloy such as Dural can be used as long as it is at 
least 20mm away from the imaging region. This methodology should aid in the material selection 
process for any MR compatible mechatronic device operated within the scanner bore. However, to 
assure MR compatibility of a machined component, specific artifact tests need to be performed. 
4.3 MR Compatible Sensing Methods 
In order to implement feedback control loops, sensors are required to convert physical magnitudes 
from the anatomical and robotic environment into signals that can be interpreted by the control 
system. MR compatible sensors are thus essential for the development of precise robotic systems to 
aid diagnosis. Position sensors are fundamental to obtain the desired accuracy of the manipulators. 
Using commercial optical encoders for position sensing in the scanner isocentre has traditionally 
presented a strong challenge when looking to preserve a safe environment and image quality, as 
ferro- and paxamagnetic materials axe generally included in the encoder unit. Image SNR can also 
be considerably degraded due to noise from the electronic circuits of these devices. Displayed in 
Figure 4.7 is the artifact produced by a commercial transmissive incremental optical encoder (HP 
HEDL-5540), which although not showing perceptible forces and torques, produced severe image 
distortion and was thus discarded. A number of solutions to the problem of encoding position in 
an MR scanner have appeared in literature (see Chapter 3), some of which involve custom made 
encoders [Hata et al., 2004, Chinzei et al., 2000a, Inn, 2007] which transmit the optical signals pro-
duced by the encoder via optic fibres into the control room where the optoelectronic circuits are 
located. This allows all the circuits (sources of EM noise) to be taken outside of the MR envi-
ronment. However, none of these custom made devices are available commercially at a reasonable 
cost. Potentiometers are also a possibility, however most commercial models contain ferromagnetic 
materials. 
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quantities 
permitted) 
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• Other MR 
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Figure 4.6: Flow chart summarising material selection methodology for components to be located 
inside or around the scanner bore 
(a) (b) 
Locctlon 
Figure 4.7: (a) Commercial transmissive optical encoder (HP HEDL-5540), and (b) severe image 
distortion due to the presence of materials with high magnetic susceptibility in the encoder unit 
(sequence gradient echo True FISP (SSFP sequence), TR/TE=3.39ms/1.7ms, FA=59°, 6mm slice 
thickness, 7.2mm slice spacing, 256x256 matrix size, body coil on a 1.5T Siemens Sonata) 
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Figure 4.8: AEDR series surface mount optical encoder from Agilent Technology [Ava, 2006] 
mounted on a PCB 
A promising solution was obtained with surface mount incremental encoders, their small size 
(6.2 X 4.4 X 3.2mm) meaning that the amount of ferro- or paramagnetic materials present is 
limited. They are also commercially available and inexpensive. A commercial reflective surface 
mount encoder (AEDR 8000-K, Agilent Technology) was obtained with a resolution of 75 lines 
per inch (Ipi) in quadrature, yielding a spatial resolution of 85 (resolution of up to 1801pi are 
available). The optical encoder was mounted on a PCB for ease of use and connection as shown 
in Figure 4.8. 
The MR compatibility of this encoder is evaluated in Section 4.5. 
4.4 MR Compatible Actuation Methods 
One of the most critical points when developing a mechatronic device is the selection of actuation 
technology as this will influence the design of the whole system. Numerous actuation techniques 
were presented in the literature review in Chapter 3, including piezoceramic motors, master-slave 
cylinders with hydrostatic transmission and pneumatic actuation. The objectives of the research 
of this thesis were described in Chapter 1 and included the development of two systems, one for 
prostate biopsy and the other for limb positioning inside a MRI scanner. The loads and accuracy-
required for each device vary immensely, from small forces to perform transrectal prostate biopsy to 
the large torques required to move a limb such as the leg. Therefore suitable actuation techniques 
will have to be selected to comply with the differing characteristics for each of the two systems. 
4.4.1 Piezoceramic Motors 
Piezoceramic motors were selected for the prostate biopsy robot due to their precision, low speeds 
and relatively low forces. As the robot will be moving an endorectal probe, it is desirable that 
the maximum force applied is not too high to avoid damaging patient tissue. The same applies 
for low speeds of motion, which will give plenty of reaction time to the physician in case of an 
emergency. One of the problems highlighted in Chapter 3 regarding these types of motors is that 
they must be located at approximately Im away from the isocentre to avoid SNR degradation 
[Larson et al., 2003, Chinzei and Miller, 2001]. Therefore transmission drives or mechanisms are 
needed to transmit the motion from the motors to the elements inside the scanner bore. Various 
commercial models of piezoceramic motors were studied (USR30-E3N from Shinsei Corporation, 
HR-1 piezo-ultrasonic motor by Nanomotion Ltd and PiezoLegs@ from Piezomotor AB), with the 
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Figure 4.9; (a) PiezoLegs@ motor with its drive electronics, (b) piezoceramic legs motor showing 
bearing block which contains two roller bearings preloaded with a leaf spring, and piezoceramic 
"legs" bimorphs embedded in the base block of the motor. 
PiezoLegs@ actuators selected as they presented the best combination of wear duration, price, 
mechanical characteristics and MR compatibility. 
P i ezoLegs@ Ac tua to r 
A PiezoLegs® motor is displayed in Figure 4.9 presenting linear motion of a ceramic rod. The 
operating principle of the motor is based on the presence of a group of four piezocrystals which 
act as legs and which are embedded in the base block (see Figure 4.9(b)). Each piezoceramic leg 
can be considered a bimorph, which consists of two piezoceramic layers, electrically isolated from 
each other. By applying an electric voltage it is possible to excite each layer independently of the 
other, producing several modes of motion as displayed in the schematic in Figure 4.10. As a result 
of the applied voltage on the different halves of each bimorph, the piezoceramic legs can elongate 
and bend. Movement of the ceramic rod is achieved by synchronised bending of the piezoceramic 
legs in the motor, which transmit their motion to the ceramic rod through friction. 
The motor driving principle is based on friction to transmit the motion from the legs to the 
ceramic rod, and therefore a normal force is required between the two. In the commercial motor, 
this is created by means of leaf springs which exert a force on a pair of bearings which press the 
ceramic rod against the piezoceramic legs (see Figure 4.9(b)), however other methods can be used 
to create the required preload. 
The Force vs Speed characteristic of the motor is represented in Figure 4.11(a). They present 
a maximum force of around 5N, although this can be increased to almost ION if the preload 
between ceramic rod and legs is increased. The drive electronics of the motor supply an analogue 
waveform to each part of the bimorph, with the velocity of the excitation of the legs depending 
on the drive frequency used. Figure 4.11(a) corresponds to a driver frequency of 700Hz giving 
a maximum linear speed of just under 4.5mm/s, where as Figure 4.11(b) shows the same Force 
vs Speed characteristic but with a driver of 2100Hz, showing a top speed of just under 13mm/s. 
The maximum drive frequency the motors can be driven at is 3kHz. These motors can provide a 
maximum resolution of up to 2 nm. In addition the motor is very compact, measuring 18 x 22 x 
10.8mm and weighing only 20g. 
Output power can be controlled by varying the analogue input voltage to the driver from O-IOV. 
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Figure 4.10: Schematic of operating principle of piezoceramic legs: synchronised motion of the 
legs results in linear movement of a ceramic rod. A darker blue shade means a higher excitation 
voltage on one side of the leg. 
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Figure 4.11: Force vs Speed characteristic of a PiezoLegs@ actuator, (a) maximum speeds of 
4.5mm/s with forces of up to 5N can be achieved with a drive frequency of 700Hz, (b) with speeds 
increasing to 12.5mm/s at 2100Hz. 
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Figure 4.12: (a) Relative Speed vs Input Voltage characteristic of the motor showing the non-
linear behaviour of the system, and (b) block diagram of signals involved in driving the motors at 
a certain speed 
By inverting the voltage (from 0 to -lOV) motion in the opposite direction can be obtained. In 
Figure 4.12(a), the Relative Speed vs Voltage curve is displayed showing the non-linear behaviour 
of the system (relative speed has been used to make the graph valid for any drive frequency). A 
block diagram of the PiezoLegs@ motor with its driver is shown in Figure 4.12(b). 
The MR compatibility of the motors is evaluated in Section 4.5. 
4.4.2 Modular 1-DOF Linear Stages 
Mechanical Design 
Using the linear piezoceramic motors presented in Section 4.4.1 a 1 DOF linear stage was developed 
and is presented in Figure 4.13. Each stage was designed using two of these motors in parallel, and 
they consist of a base unit and a slider unit, as shown in Figure 4.13(a). The base unit is made 
of four blocks which contain two motors on opposite sides of the slider (doubling the total force 
delivered), and an encoder inserted into one of the perpendicular blocks (see Figure 4.13(b)). The 
presence of both motors and sensors will allow the implementation of closed loop position control. 
The slider unit can translate back and forth and has two ceramic rods attached on opposite sides 
which are in contact with the motors. The bearing and spring block which were used to provide 
the preload between the motor's piezoceramic legs and the ceramic rod have been removed (see 
Figure 4.9(b)), and a higher preload is now produced by means of a Beryllium Copper leaf spring 
as indicated in Figure 4.13(c). The encoder on the base unit of the stage reads position from a 
reflective encoder strip which is placed on the slider. At both extremes of the slider there is an end 
stop, which acts as a mechanical block when the stage reaches the end of its travel. To reduce the 
backlash in the stage, a number of friction pads have been placed between the blocks of the base 
unit and the sliding unit (see Figure 4.13(c)). The position of these friction pads can be varied by 
means of small stainless steel screws, and the pads are made of Teflon, a low friction plastic. A 
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manufactured 1 DOF stage made of Debin@ is shown in Figure 4.13(d). 
In addition, these stages have been designed to act as interconnectable modules, that is, two 
or more stages can be connected together to form multi-DOF kinematic chains. To connect the 
modules together, one of the end blocks at the extreme of each slider forms part of the base unit 
of the next module. Figure 4.13(e) shows an example of an XYZ Cartesian robot using three of 
these modules connected together, made from Delrin. The dimensions of each linear slider are 
30x30x140 mm, although their length and cross sectional dimensions can be varied if optimisation 
of the design is required. 
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Figure 4.13: Modular stage shown in (a)-(c) as a CAD rendering showing the various parts of 
the linear stage. Two motors press against ceramic rods embedded in a linear structure, and an 
optical encoder detects position, (d) shows a single module manufactured in Delrin using brass 
and nylon screws and (e)-(f) shows three stages connected together in perpendicular directions to 
form a multi-DOF Cartesian stage 
The modules can be manufactured using various techniques. The stages presented in Figure 
4.13(d)-(f) have been manufactured using a milling machine and are made out of Delrin. The 
stage can also be made using rapid prototyping techniques (i.e. Fused Deposition Modelling -
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FDM- or Stereolithography), which axe quick, cheap and have a range of plastic polymers to choose 
from. The slider and the base unit can be made out of most MRI compatible engineering plastics, 
depending on the requirements of rigidity, manufacturing method, cost constraints, tolerance range 
and size. 
Calculation of Motor Preload 
The preload between the ceramic rod and the piezoceramic legs in the motor base will define the 
output force of the linear stage, and is produced by means of a leaf spring as shown in Figure 
4.14(a). The coefficient of friction between the legs and the ceramic rod is /u = 0.1, which means 
a ten-fold normal force must be applied for a given lateral output force. If a total output force of 
20N is desired (ION firom each motor), then a normal force of ICON is required between the spring 
and the motor. To calculate the required displacement of the spring to produce a force of lOON 
on the motor, the leaf spring was analysed using the finite element software add-on Cosmos Works 
(Solidworks Corporation), and the results of the required displacement and stress analysis are 
presented in Figures 4.14(b) and (c). The boundary conditions imposed on each extreme of the 
leaf spring were null displacement, and the material properties of beryllium copper are Young's 
Modulus E = 121GPa, Yield strength ay = 1307MPa, Mass density p = 82QQkg/m,^ and Poisson's 
modulus ;/ = 0.33. A maximum displacement of approximately 2.1mm is required to produce lOON 
of force, and the stress diagram shows that the maximum stress on the spring is below its yield 
strength, assuring elastic deformations. 
To validate the calculations made with the leaf spring, a strain-stress test was performed on 
an Instron machine (Instron Dual Column Model 5565 Series) to measure the force-displacement 
curve of the manufactured leaf spring. The machine is capable of measuring the force applied by 
means of a load cell and can also acquire the displacement of the tip, giving the total deflection 
of the spring. With an experimental set-up as shown in Figure 4.15(a), a force was applied onto 
the leaf spring with a custom made tip. The Force vs Displacement graph from the experiment is 
displayed in Figure 4.15(b), showing that to obtain a force of lOON at the spring, a displacement 
of 2.2mm is required, which shows that the calculations are within a 5% error. 
Open Loop Tests 
A series of open loop tests were performed on the module to calculate its speed and force character-
istics. In order to do so motion control hardware equipment was required. A National Instruments 
Compact Rio 9004/9104 was selected and is shown in Figure 4.16(a). It consists of an embedded 
reconfigurable FPGA chassis (clock cycle of 40MHz) with numerous input/output modules (both 
analogue and digital) and a real-time control processor which can interface to an outside PC via a 
TCP/IP connection, as represented in Figure 4.16(b). The software that runs on the controller can 
be written in NI Lab View 8.2, a versatile high level graphical programming language. Lab View 
allows rapid fast software development, and simplifies greatly the task of interfacing the software 
with the external hardware elements. 
Three tests were performed on a single 1 DOF module; (i) a speed vs. input voltage test, (ii) 
the force vs. speed characteristic of the module, and (in) an open loop step response. 
For the speed vs input voltage test, the input voltage to the motor drive was varied from 0 to 
lOV and the speed of the module derived from the encoder readings. An input of lOV corresponds 
to a motor drive frequency of 3kHz, with the other voltages mapped linearly to the frequency. The 
results of the test are shown in Figure 4.17(a) where speed increases almost linearly with voltage 
CHAPTER 4. MRI COMPATIBLE MATERIALS, SENSORS AND ACTUATORS 83 
(a) 
Leaf Spring 
(b) PiezoMotor 
UNES(m) 
2X)80e-003 
g 1.9076-003 
.^1.7346-003 
.laiwoa 
.^137e-003 
Ki:214e-003 
H.1.0406-003 
= 8.6688-004 
M. 6.9348-004 
H 5.201 e-004 
H 3.4678-004 
Hl.734e-004 
H. 1.0006-033 
f7.13e#*008 55510*008 
.sasTwme 
I47e3»*ooe 
4.169ft+008 
3575e+003 
1*1*4)06 
2J87##(I06 
17@3m4]0e 
1.199o*008 
6.045e+007 
lJ054e*00G 
••view drench: 1.307e+009 Figure 4.14: (a) Physical configuration between the Beryllium Copper leaf spring and the motor 
base and (b) FEA analysis of spring to find required displacement of the spring to produce the 
desired force and (c) stress concentrations on the spring. The stress is maximum at the centre of 
the leaf spring as their is point contact between spring and motor 
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Figure 4.15: (a) Leaf spring validation setup in an Instron machine and (b) Force vs Displacement 
graph of the spring, showing that for a force of lOON, a displacement of just under 2.2mm was 
required, in close accordance with the calculation 
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Figure 4.16: (a) National Instruments Compact Rio 9004/9104 motion controller, with I /O mod-
ules, FPGA chassis and RT controller, and (b) system architecture showing transfer of information 
from the real world to the real-time processor, which can be interfaced to a PC via a TCP/IP 
connection 
until the input reaches 6V which corresponds to a peak speed of 6.1mm/s. After 6V the speed 
of the system is reduced considerably, mainly due to an amplified increase in vibrations in the 
assembly. The piezoceramic legs of the motors are driven at a frequency which causes the system 
to vibrate and the legs of the motors lose some contact with the ceramic rod, which leads to both 
a loss of force and speed. Therefore the module will be run at a maximum input voltage of 6V, 
which corresponds to a drive frequency of 1.8kHz. 
The force vs speed characteristic of the module was obtained by placing a linear stage vertically 
and subjecting it to varying weights, with the steady state speed recorded for each weight. At all 
times the motors were driven with 6V input voltage. The results are shown in 4.17(b) which 
indicate how after applying load there is an approximately linear relationship between the two 
variables giving a maximum load capability of 12N and top speed of 6.1mm/s. As each of the 
two motors is able to give ION lateral force, the total force available at the linear stage is 20N 
maximum, although the results show that 8N of that total force is used in overcoming friction. 
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Figure 4.17; (a) Speed of the module against input voltage, showing resonance after 6V, and (b) 
graph showing force available at the stage against speed 
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Figure 4.18: Step response for the linear stage for an input voltage of 4V 
This is due to the presence of the friction pads, which are used in the module to ensure that the 
backlash is negligible. 
Finally the third test consists of displaying an open loop step response of the system. A step 
input voltage is applied to the motors and the speed is measured at the stage. For an input voltage 
of 4V, the response of the system is recorded in Figure 4.18. The graph shows the steady state 
speed of the motor which is on average approximately 4.6mm/s and also indicates the rise time, 
which is defined as the time it takes for the speed of an axis to change from 10% to 90% of its 
steady state average speed. The rise time gives an idea of the delay in the system response to a 
change in the reference signal and of the system inertia, and is 116ms. 
Closed Loop Tests 
To control the position of the linear stages, a simple on-off control algorithm was sufficient to 
obtain accuracy to within the resolution of the encoders. A reference position r{t) is inserted into 
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Figure 4.19: Block diagram showing the elements involved in the joint control process 
the control software, and after comparing the reference to the current position y{t) as measured 
by the joint encoder, the error e{t) is input to an on-oE controller which is used to generate an 
output signal to the motor drivers. As the axis moves, the new encoder readings are sent back to 
the motion controller where the error signal e(t) is re-calculated. A block diagram of the signals 
involved in position control of each linear stage or joint is presented in Figure 4.19. The joint 
control loop was run on the FPGA chassis of the Compact Rio controller in order to achieve high 
frequencies, with a position update rate of IMHz per axis. 
The on-off control algorithm evaluates the error signal e{t), which is defined as 
e{t) = r{t) - y(t) (4.3) 
and checks its sign. If the error is positive then the stage has not arrived at the desired position, 
and the motors are actuated with maximum input voltage. If the error is negative then the stage 
is ahead of the desired position and the motors are actuated at the maximum input voltage in the 
opposite direction. When the error is zero, then the motors are not actuated. Summarising, 
Motor Signal = < 
+ 6 y i / e ( ( ) > 0 
0 if e{t) = 0 
—QV if e{t) < 0 
To measure the accuracy of each axis, a reference position was inserted into the position control 
algorithm and when the axis had reached its final position, its real position was measured using 
a digital height gauge (maximum resolution of 0.01mm). The data from the gauge was compared 
to the desired reference position and the RMS error was calculated and logged. This test was 
repeated 30 times for randomly selected reference positions within the range of each axis and the 
average error was calculated within a 95% confidence interval. The accuracy of the linear module 
is of 0.04 ± 0.014mm (p<0.05), when using an encoder of 85/zm resolution. The complete data set 
of the error when testing accuracy is included in Appendix B. 
4.4.3 Pneumatic Actuators 
In Section 4.4.1 piezoceramic motors were used in order to drive linear stages presenting accurate 
position control with forces up to 12N and speeds of 6.1mm/s. However, in applications which 
require larger forces or torques the use of these motors is somewhat limited. The specifications for 
the magic angle related device requires large torques in order to move human limbs such as the 
leg or arm. A custom developed rotary air motor was made in order to fulfill these specifications 
and this section describes its operating principle, its mechanical design and its resulting motor 
characteristics. 
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Figure 4.20: Air motor turbine operating principle, kinetic energy of a flow of air is converted into 
rotation by means of a turbine. By applying the flow at different sides of the turbine, bidirectional 
motion is possible 
Mechanical Design 
An air motor was designed by applying a flow of air on a turbine rotor. The kinetic energy of 
the air is converted into a high speed rotation of the turbine around the motor shaft, as shown in 
Figure 4.20. As the air passes the turbine, it is then vented out of the motor through the holes 
in the motor cover. By applying the air flow at different sides of the rotor, bidirectional motion is 
possible. 
The turbine was designed with a diameter of 27mm and manufactured out of epoxy-resin using a 
rapid prototyping SLA technique. The turbine was attached to a plastic 3mm shaft, and mounted 
onto the motor housing by means of two plastic bearings with glass balls (RINO PB623/GL -
10mm outer diameter). The large speeds of the turbine discarded the use of non-magnetic metals 
for the shaft as they would be affected by eddy currents induced by the fields in the scanner bore. 
The motor housing was designed with two nozzles for bidirectional air flow, which channelled the 
air on different sides of the rotor, and has numerous air vents. It was also made from epoxy-resin 
and rapid prototyped. A CAD illustration of the air motor assembly is presented in Figure 4.21 
and Figure 4.22(a). 
When an air flow is applied to the air motor housing, the turbine rotates at speeds of over 
20000rpm with only a tiny output torque. In order to increase the torque and reduce the speed, 
modular planetary gear boxes were added to the rotor shaft, each module with a gear ratio of 
either 4:1 or 5:1. These gear boxes are made entirely from plastic (Tamiya Planetary Gear Box 
set) and successive modules can be connected together in order to obtain a desired gear ratio. An 
air motor was produced by connecting the output rotor shaft to three 4:1 gear box modules and 
two 5:1 modules, giving a total gear ratio of 1600:1. The motor along with each of its manufactured 
parts can be seen in Figure 4.22(b). A shaft of aluminium was attached to the output shaft of the 
last gear box module. 
The simplicity of the design and the ease of manufacture of the different parts (RP techniques 
are fast and cheap) make the motor inexpensive, easy to assemble and facilitate replication to make 
more units when required. 
The MR compatibility of the air motor is demonstrated in Section 4.5. 
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Figure 4.21: Exploded view of the air motor assembly: turbine rotor, shaft, bearings and motor 
housing 
Air M o t o r Test Rig 
In order to characterise the torque and speed of the motor output shaft, a test rig was designed 
which is displayed in Figure 4.23. The test rig consists of an air motor with its output shaft 
connected to a flywheel via a flexible coupling. Two plastic bearings hold the flywheel in place, 
and an optical encoder (as described in Section 4.3) reads the values from a rotary strip on the 
flywheel. The flywheel will allow applying load onto the motor shaft by hanging weights from a 
nylon string which is attached to the wheel. 
Two air hoses are connected to the motor at the nozzles in the motor housing, one for each 
direction of motion. To control the air flow to the motor, two high bandwidth on-off solenoid valves 
are used which require a 24V input voltage and have a very fast response time of approximately 
5ms. The aperture of these valves depends on a digital PWM signal given as an input. The air 
hose from the valves to the motor measured Im in length. Speed values from the motor are given 
by the encoder readings from the flywheel rotary encoder strip. 
The Compact Rio motion controller, as described in Section 4.4.2, receives the digital pulses 
from the encoder via its digital input module cRio-9411 and outputs PWM VcJues with its digital 
output module cRio-9472 to the valves. PWM is a way of digitally controlling the speed of a 
motor. The concept behind PWM is that of having a switch connected between the power source 
and the motor. By connecting the switch the power is applied to the motor and by releasing it the 
motor is unpowered. If the switch is turned on and off continuously the average signal applied to 
the motor depends on the amount of time the switch has been turned on during each repetition or 
period (Figure 4.24(a)), which is called the duty cycle. A block diagram of the test rig set-up is 
given in Figure 4.24(b), which shows the transmission of signals between the different components 
of the system. 
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Figure 4.22: (a) CAD illustration of air motor and (b) manufactured motor with its different parts 
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Figure 4.23: Test rig to obtain motor characteristics, with flywheel and encoder to measure speed 
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Figure 4.24; (a) PWM signal to valves where the duty cycle and period of the digital wave varies 
the aperture of the solenoid valves, controlling the air flow to the motor, and (b) block diagram of 
test rig, valves, Compact Rio, motor and encoder. 
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O p e n Loop Tests 
A series of open loop tests were performed using the aforementioned test rig in order to characterise 
the motor: (i) measurement of the working pressure of the motor, (ii) the speed of the motor as 
a function of the applied duty cycle in the PWM signal, (iii) torque vs speed tests and (iv) open 
loop step response of the motor. 
To measure the working pressure of the motor, starting at Obar the pressure of the applied 
air flow was increased until the motor started moving. The air pressure was then increased in 
O.lbar increments and the speed of the flywheel measured. The results of this test are presented 
in Figure 4.25(a). The graph shows that there is an approximate linear relationship between the 
input pressure and the output speed, with 0.6bar required as a minimum pressure to rotate the 
output motor shaft. At the pressure of 0.6bar the motion of the flywheel was quite non-uniform 
showing considerable jitter. On the other end of the scale, at 1.4bar the motor started to vibrate 
considerably, and at 1.6bar the vibrations were large enough to consider it the maximum sustainable 
input pressure. A good range for using the motor is from 0.8-1.3bar, pressure at which the motion 
is uniform and there are no large vibrations in the system. 
The second test consisted in measuring the speed of the motor depending on the duty cycle 
of the PWM signal. Another variable which can affect the performance of the motor when using 
PWM signals is the period length. This test characterised the speed of the motor as a function of 
duty cycle, for different periods and at a pressure of l . lbar, with the results presented in Figure 
4.25(b). It can be observed that for duty cycles of less than 10% the motor does not move. There 
is a non-linear relationship between the motor speed and the duty cycle, with a large increase of 
speed at low duty cycles but which levels off for larger values. It can also be observed that for 
higher periods, the speed at lower duty cycles decreases. Another observed phenomenon was that 
at large duty cycles (i.e 80ms and 100ms) the motion of the motor was less uniform, as the input 
PWM steps were wider apart. The selected period for the PWM signal for the valve was 40ms, 
as it is a short enough period to ensure smooth motion and yet not too short to be taxing on the 
valves. 
The third test consists of obtaining the torque-speed characteristic of the motor as a function 
of its input pressure. For each input pressure, the flywheel was loaded with specific weights and 
the speed measured. The weight was increased until the motor could no longer take the load. The 
results of the test are presented in Figure 4.26(a), which show that for a pressure of l.Sbar and 
air flow of 401/min, a maximum torque of 0.74Nm is available and maximum speeds of 15.5rpm 
can be achieved. Step response tests were performed with the test rig, and for a pressure of l.Sbar 
the speed of the flywheel over time was recorded when an input signal of 100% duty cycle was 
given to the valves. This test was repeated with different loads, with two responses displayed in 
Figure 4.26(b). The graph shows the steady state speed of the motor and also indicates the rise 
time. When the motor wais loaded with SOOOg a rise time of 200ms was registered, which reduced 
to 110ms with only lOOg load. 
4.5 Evaluation of MR Compatibility of Actuators and En-
coders 
In Chapter 2 an object was considered MR safe and compatible if, when used in the MR environ-
ment, did not present additional risks to any individual and did not adversely affect the diagnostic 
quality of the image nor had its normal operation affected [Shellock, 2002]. It is therefore im-
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port ant to devise a number of tests to quantify the interaction between an object and the MR 
environment, and thus decide if the object can be considered safe and compatible. Once a device 
has been considered MR safe and/or compatible it is also necessary to specify the conditions under 
which MR safety and compatibility were established, as the device may not be compatible under 
another set of more extreme MR conditions [GES, 2005]. 
The requirement of a device to be safe and/or compatible will depend on its desired location 
within the scanner room. For instrumentation such as anaesthesia equipment located a metre or 
more away from the bore, criteria ensuring safety with respect to forces and torques are paramount, 
but compatibility is not necessary. Scalpels and needles in contact with the anatomical tissue being 
imaged on the other hand, must also assure compatibility in order to avoid degrading in excess the 
imaging region or reduce its observed positional accuracy. 
In this research, three main tests have been used to quantify the interaction between a device 
and the MR envirormient. The first is a qualitative test, which evaluates if an object will be subject 
to dangerous forces and torques in the magnetic field. The second measures the image distortion 
generated by an object when introduced into the scanner isocentre in terms of image artifact as 
described in the ASTM standard F2119 (as applied in Section 4.2.2), and the third evaluates the 
SNR degradation of the MR image produced by the presence of an external device. This section 
reports on the execution of these tests for an encoder, a piezoceramic motor, a 1 DOF linear module 
and an air motor. 
4.5.1 Magnetic Force and Torque Test 
This test is only a preliminary qualitative test which consists of seeing if the object is attracted 
to a magnetic field. It is performed outside the scanner room, and requires passing a small hand 
held magnet (of high field strength, i.e. the magnet from a hard disk drive) over the surfaces of 
the object [GES, 2005]. If no attraction is felt between object and magnet, then the object passes 
the screening test. Materials that do not pass this test should be excluded from the scanner room, 
unless they are firmly anchored to fixed supporting structures. Materials that pass this test can 
present varying degrees of compatibility, and hence, more tests are required before using them 
inside the scanner bore. No perceptible forces or torques were observed on either the encoders, 
the motors, the 1 DOF linear module and the air motor when subject to a strong hand magnet or 
when taken in to the scanner room. 
4.5.2 Quantification of Image Artifacts 
To quantify the image artifacts produced by the specified devices, the ASTM standard F2119 
protocol was followed using a 1.5T Siemens Magnetom Vision scanner with a spine coil. Figure 
4.27 shows the artifact produced by the encoder on its PCB, a piezoceramic motor, a 1 DOF linear 
module and an air motor. The artifact size for each component and the conditions under which 
they were obtained are presented in Table 4.4, which shows a maximum artifact size of 20mm for 
the encoder, 39mm for the piezoceramic motor, 36mm for the linear module, and 14mm for the air 
motor. 
4.5.3 Quantification of S N R Degradation 
If the object to be tested is active, that is, it requires electrical power to work, electromagnetic 
noise from its circuits can be picked up by the receiver coil of the scanner, causing a degradation 
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Figure 4.27; The image artifact produced by (a) the encoder (20mm), (b) the motor (39mm), (c) 
the linear module (36mm) and (d) the air motor (14mm). All the artifacts are calculated following 
the ASTM F2119 standard 
Component Artifact Size (mm) Sequence 
Phase 
Encode Dir. 
TR/TE 
(ms) 
Matrix 
Size 
Flip 
Angle (°) 
FOV 
(mm) 
Slice Thickness 
(mm) 
Slice Spacing 
(mm) 
Encoder 20 GE H » F 100/15 30 160 3 3.6 
Motor 39 GE H » f 100/15 30 160 3 3.6 
Linear Stage 36 GE H » F 100/15 30 160 3 3.6 
Air Motor 14 GE H » F 500/15 256x256 30 250 3 3.6 
Table 4.4; Artifact size and conditions under which they were obtained 
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in the SNR of the MR image. Quantification of SNR variation of an image due to the presence of 
an object will help evaluate its MR compatibility. If the SNR is reduced too much, the image may 
lose its diagnostic value. To quantify the degradation of SNR the following protocol is used: 
1. A large container is filled with a CuSOi solution (1.25g/l concentration) and scanned using 
a spin echo and a gradient echo sequence. The CUSO4 solution is used as it is an inexpensive 
method to tailor the relaxation times of the solution, reducing T1 and keeping TR to a 
reasonable level. These two images will be used as a control. 
2. The test object without any power connected is placed along side the phantom and the same 
two images axe taken. 
3. The test object is powered but not actuated and a further two images taken. 
4. The test object is powered and actuated (if possible) and another image pair obtained. 
5. The SNR of each of the images is calculated. The variation of SNR in the image when the 
device is present is compared to the SNR of the control image, and any variations in SNR 
quantified. 
6. This process may sometimes be repeated with the device at different distances away from 
the scanner isocentre, to see how distance affects the SNR degradation. 
To calculate the SNR of an MR image, the following definition is used [Chinzei et al., 1999]: 
SNR = (4.4) 
6 -LJ corner 
where Pcentre is the mean signal of a 40x40 pixel region at the centre of the phantom, and SDcomer 
is the standard deviation of the signal at a 40x40 pixel region at a corner of the image. The 
denominator term quantifies the standard deviation in a region of the image where the signal is 
caused only by noise. It is important to calculate the SNR on the DICOM images before any 
image processing or filtering is performed, as this can alter the result. As the SNR variation can 
depend on the applied image sequence, these tests are done for both gradient echo and spin echo 
sequences. 
Chinzei [Chinzei et al., 1999] proposed that a reduction in SNR of up to 10% is acceptable. 
Although this value can be considered as a guideline, it is in no way a strict indicator of compati-
bility. The acceptable reduction in SNR of an image will depend on the application for which that 
image is used and the resolution that that particular application requires. If an image is used only 
for image guidance or gross positioning of an instrument then a much larger drop in SNR may be 
acceptable, where as an image used to target an abnormality in soft tissue may only tolerate SNR 
variations of the magnitude indicated by Chinzei. 
Software was developed in Matlab to calculate the SNR of an MR image, requiring as an input 
a set of DICOM images from the MR scanner and producing as an output the SNR of each image 
in a text file. Figure 4.28 shows the three main steps of the software: (i) input of the DICOM MR 
image, (ii) calculation of the two 40x40 regions of interest in the image (one in the centre of the 
phantom represented in green and the other in a corner of the image in red) and (iii) calculation 
of the image SNR by dividing the signal in the centre region by the signal in the corner region as 
expressed in Equation 4.4, and then logging the results into a text file for processing. 
Tests were performed to quantify if the presence of any of the active components reduccd the 
SNR of the MR image. As the air motor does not require any electrical circuits to operate (the 
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Figure 4.28: Three main steps to calculate the SNR of an image using the Matlab software: (a) 
input of DICOM images, (b) calculation of the two regions of interest, and (c) output of SNR to 
text file 
valves are located outside the scanner room) it was not tested for SNR degradation, and only the 
piezoceramic motor, the linear stage and the encoder were evaluated. 
To conserve the SNR of the image, it is paramount that the electrical circuits required to power 
the components are isolated from the scanner, that is, that any electromagnetic noise produced by 
these circuits do not interfere with the sensitive receiver coils of the scanner. To ensure this EM 
isolation, all the component electronics were placed inside a shielded aluminium enclosure located 
inside the scanner room and placed 2m away from the entrance to the scanner bore. In order 
to avoid using mains power supply and an AC/DC converter (which are known sources of noise), 
power was provided to the components using lead-acid batteries which are MR saife. They were 
located inside the Faraday cage, as was the Compact Rio and motor drive electronics. To avoid 
any interference from the electronic circuits inside the box with the scanner, the Faraday cage was 
tightly shielded and connected to the ground of the scanner room. As the system requires cables 
going from the box to the components inside the scanner bore, measures are required to avoid 
these cables acting as antennas bringing into the scanner any RF noise from inside the box. These 
measures include shielding all the cables and implementing hardware low pass filters (TUSONIX 
4209-053) at the wall of the shielded enclosure as shown in Figure 4.29(b). The filter has a double 
objective: (i) to attenuate any high frequency noise close to the Larmor frequency of a 1.5T MRI 
scanner (approximately 64MHz) coming from the circuits inside the Faraday cage which may be 
picked up by the RF coils of the scanner, and (ii) to avoid any high frequency signals induced in the 
cabling by the RF pulse of the scanner from affecting the electronics inside the Faraday cage. The 
characteristics of the filter is presented in Figure 4.29(a), showing a 55dB attenuation at 64MHz. 
To test the encoder, a phantom image was taken without the encoder present, and then the 
encoder was placed at the isocentre (i) unwired, (ii) then wired but unpowered and (iii) powered, 
with images taken using a FLASH 2D sequence (TR/TE=200/10ms, 9 slices, 5mm slice thickness, 
space between slices: 5mm, FOV=300mm, Matrix size: 256x256, FA=3G°) and a gradient echo 
True FISP (SSFP) sequence (TR/TE=6.46/3.05ms, 9 slices, 5mm slice thickness, space between 
slices=5mm, FOV=230mm, Matrix Size: 256x256, FA=80°), both done on a 1.5T Siemens Magne-
tom Avanto using the head coil and with the set-up displayed in Figure 4.29(b). These tests were 
then repeated with the encoder located at 50mm, 100mm, 150mm and 200mm from the isocentre, 
to observe the effect of distance on the variation of SNR, with the results expressed in Figure 
4.30(a). The graphs show the variation of the average SNR of the image slices due to the presence 
of the device, for both imaging sequences. The encoder produces a maximum reduction in SNR of 
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Figure 4.29: (a) Frequency response graph for the low pass filter, showing a 55dB attenuation at 
64MHz, and (b) schematic of set-up to reduce SNR degradation of the image due to the electronic 
circuitry of the active components 
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3% when imaged with the FLASH 2D sequence and located at the isocentre, and a reduction of 
4.1% for the True FISP (SSFP) sequence when located at 50mm from the isocentre. In both cases 
this value is very small, and acceptable for the desired application. 
To evaluate the SNR degradation due to the motor, a phantom was tested with a motor, (i) 
present at the isocentre and powered, and (ii) powered and actuated at maximum speed. These 
tests were repeated with the motor located at 50, 100, 150 and 200mm from the isocentre. Figure 
4.30(b) shows the average SNR degradation with a turbo spin echo (TSE TR/TE=2000/85ms, 
9 slices, 5mm slice thickness, space between slices: 5mm, FOV=300mm, Matrix size: 256x256) 
sequence and a True FISP (SSFP) gradient echo sequence (same parameters as with the encoder), 
both done on a 1.5T Siemens Avanto using the head coil. The maximum values of SNR degradation 
are 4.1% for the TSE sequence, which occurs when the motor is actuated and located at the 
isocentre, and 2.1% for the True FISP (SSFP) sequence when the motor is actuated at 100mm 
from the isocentre. In both cases the reduction in SNR is easily tolerable. 
For the 1 DOF linear module similar tests were performed. The SNR of a phantom image was 
compared to the case when the module was (i) present and powered and (ii) both motors actuated 
at maximum speed. These tests were repeated with the linear module located at 50, 100, 150, 200 
and 500mm away from the isocentre. Figure 4.30(c) shows the average SNR degradation with a 
TSE sequence and a True FISP (SSFP) gradient echo sequence, as with the piezoceramic motor. 
The maximum values of SNR degradation are 3.7% for the TSE sequence, which occurs when the 
module is actuated and located at the isocentre, and 1.2% for the True FISP (SSFP) sequence 
when the module is actuated at 50mm from the isocentre. The variations in SNR noted are mainly 
due to the presence of random noise. 
The complete results for these SNR tests are presented in Appendix C. 
4.5.4 Conclusions 
With the combined results of the force and torque test, image artifacts test and SNR degradation 
test, we can conclude that the encoders, motors, linear modules and air motors are MR safe 
and compatible under the specified test conditions, and fit for use inside the MR environment at a 
distance of at least 20mm, 39mm, 36mm and 14mm respectively from the imaged region of interest. 
4.6 Conclusion 
This chapter has presented the technological base from which MR compatible devices can be built. 
Material selection, sensing techniques and actuation methods have all been discussed and suitable 
MR compatible components have been singled out and tested. 
Several materials can be used to build these devices which combine MR compatibility with 
conventional engineering considerations of cost, good machining properties and various levels of 
mechanical strength. Delrin@, Ertalon@ and Nylon all present adequate magnetic susceptibility, 
electrical isolation and can be machined easily. In addition they present only small artifacts when 
introduced into the imaging region. If higher strength is required, certain metals such as Aluminium 
and Beryllium copper can also be used, although in smaller quantities or at further distances 
from the isocentre. As mentioned before, the manufacturing processes which these materials are 
subject to can considerably alter their magnetic properties, so tests will need to be done to assure 
compatibility once the material has been completely processed into its final shape. 
Reliable and compatible position sensing inside the scanner bore has also been achieved by using 
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Figure 4.30: SNR degradation due to the presence of (a) an encoder, (b) a piezoceramic motor 
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small surface mount commercial optical encoders, which due to their small size contain traces of 
paramagnetic material and hence the artifact they produce on the image is quite reduced (20mm). 
Their commercial availability and low price make them a very cost effective option. Additionally, if 
combined with measures to isolate its circuits from the receiver coils, virtually no SNR degradation 
is observed on the images. 
Actuation has also been achieved with two different methods, responding to very different 
specifications. Piezoceramic motors from the company PiezoMotor AB show promising potential 
due to their small size, affordable price and good accuracy. However their speed and torque is 
limited, with speeds of up to 16mm/s and linear forces of around 5N. Although this force can 
be increased by incrementing the preload between the driving legs and the ceramic rod, it is still 
limited at around ION. For higher forces a rotary air motor, composed of a turbine impulsed by a 
large flow of air, has been developed and manufactured. Its simple design and operating principle, 
combined with the flexibility of using modular planetary gear boxes to tailor the output torques 
and speeds, make it quite versatile and easily reproducible. In addition torques of just under 0.8Nm 
and speeds of around 16mm/s allow it to carry high loads at reasonable speeds. 
An important part of system development time for any new MR compatible manipulator is 
invested in hardware design and manufacture. An effective measure for reducing research redun-
dancy would be the availability of standardised "off the shelf MR compatible hardware that offered 
variability in dimensions and shape. Linear MR compatible modules, consisting of one DOF stages 
complete with two piezoceramic actuators and a position encoder, have been developed and ac-
curate closed loop position control implemented. These modules can connect together to form 
multi-DOF assemblies which can be located inside the scanner bore near to the patient anatomy 
requiring the intervention. This avoids the problems traditionally associated with piezoceramic 
actuation, which required separating the motors from the field of view and using transmission 
mechanisms. As most robots consist of kinematic chains of one DOF stages, these modules would 
be suitable for a wide range of interventions and their design can be optimised for the procedure 
for which they will be applied to. 
Finally the MR compatibility of all the components have been demonstrated, showing limited 
artifact size and only a fractional reduction of SNR. With this technological base, we are now in a 
position to start designing and developing MR compatible devices for intervention and diagnosis. 
Chapter 5 
MRI Compatible Prostate Biopsy 
Robot 
5.1 Introduction 
One of the objectives of this research is to develop a MRI compatible robot capable of performing 
transrectal prostate biopsy. The current gold standard for performing a biopsy of the prostate is 
to use a TRUS guided approach, where an ultrasound probe is inserted into the rectum and real-
time images used to guide a needle into the prostate. However the low resolution of the images 
make them incapable of singhng out suspicious areas in the prostate for targeted biopsy. Instead 
a protocol is used which divides the prostate into different regions, with a biopsy taken from each 
to try and maximise the possibilities of samphng the cancerous cells if they are indeed present. 
MRI offers several advantages for image guided biopsy to the prostate. With a carefully selected 
image protocol, suspicious areas within the prostate can appear with differing contrast with respect 
to the surrounding healthy tissue. Biopsies can be targeted at these regions instead of just random 
sampling of the entire prostate capsule. This has the potential to reduce examination time and 
discomfort for the patient. In addition, real-time images can help provide the guidance needed 
to insert a needle at the desired target point. By providing updated images, target motion due 
to tissue deflection can be corrected "on the fly" allowing for improved targeting and a potential 
reduction in the number of false negatives. Yet to fully exploit these advantages a well designed 
MR compatible prostate biopsy device is necessary to carry out the intervention, especially in 
closed bore scanners. 
In this chapter the medical justification for developing such a system is presented and the 
specifications for such a device are set. Its mechanical design is then described, along with the 
necessary hardware, software control features and kinematics to ensure adequate position control 
of the biopsy needle. A point to point registration algorithm is then presented which allows passing 
from the scanner space to the robot space. Finally a novel technique to track the position of the 
needle tip of the robot and to update in real-time the scan-plane positions of the MR image is 
described. 
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5.2 Medical Motivation for Research 
5.2,1 Prostate Cancer 
The prostate is one of the sex glands of the male reproductive system. It is located immediately 
inferior to the urinary bladder (see Figure 5.1), surrounding the first part of the male urethra, the 
tube that carries urine and semen out through the penis. It has an almost conical shape with the 
base at the neck of the bladder and the apex inferior. Its posterior surface is in close proximity 
with the anterior wall of the rectum. 
The human body is made up of individual units called cells. Healthy cells will grow, divide and 
die in an orderly fashion as dictated by their DNA. Cancer is produced when there is an abnormal 
growth of cells due to damage in their DNA, and instead of dying, these cells continue dividing in 
an out-of-control manner forming a mass of cells called a tumour. A tumour is considered benign 
if it does not spread to other parts of the body, forming a cell mass which in most cases is not 
life-threatening. A tumour is considered malignant when it is capable of invading surrounding 
tissues and travelling to other parts of the body, a process called metastasis. 
Prostate cancer is therefore an uncontrolled growth of prostate cells which causes a malignant 
tumour. Over 99% of prostate cancers originate in the glandular cells around the peripheral zone of 
the prostate, which is where the seminal fluid is generated [Ame, 2005]. As the cancerous tumour 
grows, it can invade nearby tissues, or metastasise through the blood and lymph to other parts 
of the body. Most prostate cancers generally grow slowly. Autopsy studies show that many older 
men who died of other diseases also had prostate cancer that never affected them and that they 
were not even aware of [Yal, 2006]. Some prostate cancers, on the other hand, can grow and spread 
quickly. Methods for quick and reliable diagnosis are therefore essential for selecting the right type 
of therapy, if any, to be used in each case. 
Each year in the UK over 27,000 men are diagnosed with prostate cancer, and it causes ap-
proximately 10,000 deaths [Off, 2005]. It is the most commonly diagnosed form of cancer in men, 
and is second to lung cancer for mortality rates. The causes of prostate cancer are still unknown, 
but there is a statistical relationship with age as more than 80% of the diagnosed cases are men 
over the age of 65, and 85% of deaths occur in men over the age of 70 [Can, 2004]. In the US the 
statistics are similarly grim, with an estimated 29,900 deaths in the year 2004 [Ame, 2005]. 
Diagnosing Prostate Cancer 
Although prostate cancers generally grow quite slowly, it is very important to detect them at an 
early stage to prevent death from the disease, as once metastasis has started the likelihood of dying 
from the disease increases enormously [Pro, 2005]. Two techniques can aid its early detection: 
• A Prostate Specific Antigen (PSA) test: consists of measuring the PSA in the blood, a 
substance made by the prostate gland. When prostate cancer develops, the PSA level usually 
goes up to above the normal 4ng/ml of blood, increasing the chance of having prostate cancer 
to over 67% [Ame, 2005]. However, this indicator is not conclusive as PSA levels can increase 
due to other factors hke benign prostatic hyperplasia or benign tumours. 
• A Digital Rectal Examination (DRE): involves feeling for any irregularities on the prostate. 
During a DUE the doctor inserts a lubricated finger into the rectum and feels the prostate 
for any irregular shape or size (see Figure 5.2). This technique is generally used along with 
the PSA tests to increase diagnostic accuracy. 
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Figure 5.1; Male reproductive system showing the location of the prostate gland, which is located 
proximal to the back wall of the rectum [Nat, 2007] 
If the results of either of the two tests are abnormal then the next recommended procedure is a 
biopsy of the prostate to find out if the disease is present. 
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Figure 5.2: Diagnosing prostate cancer using digital rectal examination 
A biopsy is a procedure in which a sample of tissue is removed and then examined under 
a microscope by a pathologist to see if cancer cells are present. The current imaging guidance 
standard for prostate biopsies is TransRectal UltraSound (TRUS), where an ultrasound probe is 
inserted into the rectum and placed next to the prostate. Guided by the ultrasound image, the 
practitioner inserts a biopsy needle into the prostatic tissue (see Figure 5.3(a)) and a small cylinder 
of tissue is then extracted very quickly using a biopsy gun. Several biopsy samples are often taken 
from different areas of the prostate, and anything from 6 to 18 samples from upper, mid and lower 
areas of both the left and right sides of the prostate gland may be taken to give coverage to most 
of the peripheral zone of the gland. The biopsy samples axe then sent to a pathology lab, where 
the pathologist will determine if there are cancer cells in the biopsy sample. 
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Figure 5.3: (a) TRUS guided prostate biopsy and (b) ultrasound image of the prostate [Pro, 2005] 
Figure 5.4: Axial T2-weighted images demonstrating a low-signal area of tumor within the prostate 
(shown with white arrows) [Beyersdorff et al., 2005] 
TRUS guidance is overwhelmingly popular due to its simplicity, low cost and real-time nature. 
The problem results in the limited sensitivity and SNR of ultrasound, as seen in Figure 5.3(b) which 
requires the high number of biopsies. As suspicious regions in the prostate cannot be distinguished, 
a high number of needle biopsies are performed during the procedure to sample the different areas 
of the prostate, hoping that if there are cancerous cells, they will be hit by one of the biopsies 
[Carroll and Shinohara, 2000]. In recent years, a sextant biopsy protocol has become standard in 
many centres [Norberg et al., 1997], however literature indicates that this protocol, combined with 
the low sensitivity of TRUS for detecting lesions, means that TRUS guidance leaves approximately 
15-31% of prostate cancers undetected [D'Amico et al., 2000]. 
These limitations have provoked interest for MRI as an alternative method for tumour detec-
tion, especially when using an endorectal coil capable of enhancing resolution. On T2-weighted 
endorectal MRI images, prostate cancer appears as an area of decreased signal intensity (see Figure 
5.4), in comparison with the normally high signal intensity peripheral zone of the prostate, which is 
where the majority of tumours appear. Recent research also shows that MRI is more sensitive for 
tumour localisation than sextant prostate biopsy, although it is also recognised that the specificity 
using MRI is lower than the TRUS guided biopsy counterpart [Wefer et al., 2000]. Therefore a 
combination of MRI images for target localization and real time guidance during the biopsy proce-
dure should increase the diagnostic accuracy of prostate cancer and tumour localization. An MRI 
compatible manipulator capable of performing this intervention is thus highly desired. 
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5.3 System Specifications 
The system specifications were set by discussing objectives and goals with our Radiologist Dr. 
Nandita de Souza, and by observing several TRUS prostate biopsy interventions. As this technique 
is widely used in the UK, it is desirable that the workflow of the new device be similar to the 
TRUS technique, which most radiologists are familiar with. The system specifications for the MR 
compatible prostate biopsy device are as follows: 
1. The device should be able to perform a transrectal prostate biopsy inside a 1.5T closed bore 
MRI scanner from a pre-defined region in the prostate. The transrectal approach has been 
preferred over the transperineal method of biopsy as it generally does not require anaesthesia 
[Mehraj Sheikh, 2005] and is the same as its ultrasound counterpart. 
2. Target accuracy of the device should be within ±3mm in order to biopsy close to the desired 
region in the prostate. 
3. The system should be controlled at all times by the practitioner, that is, the system should 
not be autonomous. In addition, our radiologist showed a specific preference to have the 
control console of the device inside the scanner room, in order to be close to the patient 
during the intervention. 
4. The procedure time for the MR compatible prostate biopsy device should be comparable 
to the intervention time for the TRUS technique. The TRUS technique can generally take 
between 15-30 minutes, and hence this should be the initial target time for the MR guided 
approach. Therefore making the system easy to use and intuitive is paramount to reduce 
intervention time. 
5. The system must not interact unfavourably with the MR environment, that is, it must be safe 
and compatible, not providing any danger to patients, staff and equipment and not reducing 
the SNR or diagnostic quality of the MR images. 
5.4 Robot Design Requirements 
Once the specifications of the device have been set a suitable design is required to fulfill the objective 
of performing a transrectal prostate biopsy. Design considerations regarding spatial constraints in 
the scanner, total degrees of freedom and patient positioning are all necessary before a suitable 
mechanical and kinematic design can be drafted. 
5.4.1 Design Considerations 
Required Workspace 
Figure 5.1 shows the location of the prostate inside the male body, being located close to the 
rectum wall and at a maximum distance of approximately 150mm from the perineal wall and 
100mm from the anal sphincter [Schnall et al., 1990]. The prostate is a small sized conical gland, 
with an average size of 50mm in the lateral direction, 35mm in the anterior-posterior direction and 
40mm in length [Wallner et al., 2001]. Its volume can be approximated by that of an ellipse with 
the formula, 
V = 0.525 X DI X D2 X D3 
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Figure 5.5: Scanner mock-up showing space available for the biopsy device when the patient is in 
the left lateral decubitus position from both a side and front perspective 
where Di, D2 and D3 axe the lengths in each of its three main directions, averaging a volume of 
35cm^ [Wallner et al., 2001]. The workspace of the manipulator must allow a biopsy needle to be 
located at most points within the prostate, especially those close to the periphery of the capsule 
as this is the area where most adenocarcinomas are located [Ame, 2005]. 
Patient Positioning 
The patient will be placed in the head first left lateral decubitus position (as specified by our radi-
ologist) which is the same position used for the TRUS biopsy intervention. This posture requires 
the patient to lie on their left side in a lateral almost "foetal" position (see Figure 5.5), which in 
combination with the already small scanner bore diameter means that severe space constraints are 
imposed on the location of the robotic device. Figure 5.5 presents a scanner mock-up (dimensions 
are taken from a 1.5T Siemens Magnetom Vision, bore diameter 55cm) with the patient in the 
decubitus position. The space left for the robotic system is displayed, showing that the biopsy 
device must be within the total volume left behind the thigh of the patient and up against the 
rectum. 
Biopsy Needle 
The biopsy needle generally used for such interventions is a 15-20cm long 18G (diameter 1.2mm) 
needle as shown in Figure 5.6, with MR compatible versions commercially available (Somatex MRI 
Biopsy Handy). The needle consists of two shafts, an outer sheath and a concentric inner needle 
with a small specimen notch of around 10mm where the tissue is stored once the biopsy is taken. 
Three motions are necessary in order to fire the needle: (i) the handle of the needle is retracted as 
far as possible until a spring is loaded, (ii) the handle is then pushed forward gently which moves 
the inner needle forward with respect to the outer sheath, inserting the notch into the target 
tissue, and (iii) the handle is pushed firmly which releases the spring and fires the outer sheath 
over the inner needle leaving some tissue cells in the specimen notch, which can then be extracted 
for pathological analysis. The centre of the specimen notch will be considered the end-effector of 
the prostate biopsy robot, as it is the point of the needle which must be delivered to the target 
lesion in the prostate. 
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Handle 
Figure 5.6; Biopsy needle showing outer sheath and inner needle with specimen notch 
5.4.2 Design Specifications 
The kinematics of the robot were derived from the design considerations (required workspace, 
patient position and biopsy needle) and observation of several TRUS guided prostate biopsy pro-
cedures. 
Degrees of Freedom 
Figure 5.7 displays a schematic of the TRUS guided procedure and the degrees of freedom required 
to locate a needle in the prostate using this technique. The TRUS procedure is freehand, with 
the practitioner moving an endorectal probe inside the rectum. Generally four degrees of freedom 
are enough to reproduce the motions performed by the radiologist: yaw and pitch angles of the 
probe as it pivots around the anus, translation of the probe into and out of the rectum and finally 
rotation of the probe around its own axis to align the needle insertion channel into a desired target 
in the prostate. The range of motions for each of these are displayed in Figure 5.7(b) and are 
approximately ±30° for the yaw and pitch angles, up to 60mm of translation into the rectum (once 
the probe had been initially inserted) and ±90° roll of the probe. Finally, once the needle channel 
of the endorectal probe is aligned correctly, a needle insertion degree of freedom is required to 
perform the biopsy, with a depth range of 35mm from the rectum wall. 
Speeds and Forces 
The practitioner moves the endorectal probe at relatively low speeds during the procedure as fast 
motions in the rectum can produce patient discomfort. The observed speeds were generally below 
30 mm/s, and thus will be considered the upper limit. The forces required to move the probe inside 
the rectum (which is essentially a cavity) were always under SON. In order to pierce the capsule 
of the prostate, the average force to pierce a prostate with an 18G needle was 6.28N (standard 
deviation 1.64N), which was collected over a sample of 10 patients [Tarun et al., 2006]. 
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Figure 5.7: (a) Schematic of TRUS guided procedure with a practitioner moving an endorectal 
probe in order to align a needle and (b) degrees of freedom required to reproduce the motions of 
the radiologist during a TRUS intervention 
CHAPTER 5. MRI COMPATIBLE PROSTATE BIOPSY ROBOT 110 
Table 5.1 shows a summary of the system requirements to perform a transrectal biopsy of the 
prostate. 
Specification Value 
DOF 
Yaw 
Pitch 
Translation 
Roll 
Needle Insertion 
±30° 
±30° 
< 60mm 
±90° 
> 35mm 
Probe Forces 
Needle Insertion Force 
Probe Speed 
<30N 
>6.3N 
< 30mm/s 
Table 5.1: Specifications required to perform a transrectal biopsy of the prostate 
5.5 Robot Kinematic Design 
Considering the workspace analysis, the design considerations and the specifications listed in Table 
5.1, a kinematic design of a robotic biopsy system can be produced. Figure 5.8(a) shows a CAD 
representation of the system, and Figure 5.8(b) displays a schematic of its kinematics. In total 
the design presents 7 degrees of freedom, although only 5 are active motions (the other two are 
not actuated). The design uses three linear stages as a 3 DOF Cartesian positioner to move an 
endorectal probe. The probe is inserted into the rectum and pivots around a rotation point at the 
anus, being connected to the 3 linear perpendicular stages by means of a passive gimhal mechanism, 
which allows rotation around two axes (these axes of rotation are shown in red in Figure 5.8(b)). 
By moving the XYZ linear stages, the probe pivots around the anus changing it's yaw and pitch 
angles as well as its insertion depth. Mounted onto the gimbal and the probe are the remaining two 
degrees of freedom. The first corresponds to a linear needle insertion axis which inserts the biopsy 
needle into the prostate through a needle channel in the probe handle. The last DOF corresponds 
to a needle firing axis, which moves the needle handle in order to fire it and perform the biopsy. 
The linear Cartesian stages and the needle insertion stage require actuators that can move small 
incremental distances. However, the needle firing stage only requires a binary actuator, moving 
from a completely retracted position (spring loaded needle) to an extended one (biopsy needle 
fired). 
Not all the DOF hsted in Table 5.1 are strictly necessary in order to reach all the points of 
the prostate with the end effector. Rotation of the probe around its own axis (roll) has not been 
included in this kinematic design, and the workspace analysis of the system presented in Section 
5.5.2 will show that with the designed DOF all the points in the prostate can be reached adequately. 
As with all robotic systems, in order to solve the forward kinematics which is the process to 
calculate the location of the end effector with respect to the robot base frame of reference, it is 
necessary to have encoders on every axis. This would require including a total of 7 encoders on the 
robot, one on each joint. Although including an encoder on every axis is possible, in practice the 
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Figure 5.8: (a) CAD representation of the different parts of the robot manipulator. The manip-
ulator is designed to pivot an endorectal probe around the anus by means of an XYZ Cartesian 
stage, a passive gimbal joint and a probe attached to a needle insertion and firing mechanism, and 
(b) kinematic representation of the prostate biopsy robotic system with 5 degrees of freedom 
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passive gimbal is very hard to encode as it requires incorporating an encoder and a rotary encoder 
strip in a small amount of space. However, as the probe rotates around a pivot point (the anus), 
the forward kinematics can be solved if the coordinates of the pivot point are known. Therefore by 
obtaining the coordinates of the anus the robot forward kinematics can be solved without having 
to encode the gimbal joints. The needle firing axis on the robot does not need an encoder either, 
as it consists of a binary joint (needle retracted or fired) which is only fired at the end of the 
procedure. Therefore only 4 encoders and the coordinates of the anus are necessary to solve the 
kinematics of the system. 
5.5.1 Forward Kinematics of Robotic System 
A manipulator can be considered as an open kinematic chain of links and joints with an end 
effector (i.e. a gripper or tool; in the case of the prostate biopsy robot the centre of the needle 
specimen notch) which is connected to the end of the chain. There are a number of approaches 
to analyse a robotic manipulator in order to calculate the position of its end effector at any given 
moment, although the widest spread technique involves a detailed analysis of the kinematics of the 
mechanism. Kinematics is defined as '^he study of the geometry and the time-independent motion 
of connected links, without consideration about the forces and/or moments that may have produced 
the motion" [Craig, 1995]. Forward and inverse kinematics provide the relationships between end 
effector position and joint variables and links and will be the subject of study in this section. 
The objective of forward kinematics is to determine the end effector position and orientation 
as a function of the joint variables and link lengths [Sciavicco and Sciiliano, 1996]. The joint 
readings (values from the encoders) and known geometric lengths between joints are to be converted 
into a Cartesian position of the needle tip of the robot. The most common method for solving 
the forward kinematics of a manipulator is the use of the Denavit Hartemberg Transformation 
Matrix [Denavit and Haxtenberg, 1955]. To develop this transformation matrix, which specifies 
the position and orientation of the end effector with regards to a fixed base reference frame on the 
robot, one must start considering a manipulator as an open kinematic chain consisting of moveable 
links. These are physically connected at specific joints, with each link capable of either revolute 
(rotational) or prismatic (translational) motion along a single joint axis. A 4x4 transformation 
matrix T?_i can be defined between two reference frames {i} and {i - 1}, which expresses all the 
necessary information to describe frame {•i} with respect to the previous one {i — 1}, as shown in 
Figure 5.9. 
The matrix contains in its first three columns, vectors which express each of the axes a;,, 
yi and z* from frame {«} in frame {i — 1}. The last column of the matrix is the translation vector 
which describes the origin of frame {?} in frame {i — 1}. The individual link transformation 
matrices can then be multiplied together to obtain the single transformation matrix which relates 
the first and last frames of the given mechanism: 
Tj" = • r | 
where n is the number of links in the open chain and T^ describes link {k} relative to {j}. This 
matrix can then be used to obtain an analytical solution for the forward kinematics of a mechanism. 
Figure 5.10 shows the kinematic diagram of the prostate robot in more detail. Frame {0} is 
called the base frame of the robot and is a fixed point of the system, while frame {7} is the end-
effector frame, which corresponds to the centre of the specimen notch near the tip of the biopsy 
needle. Point T is the tip of the needle, point P corresponds to the intersection between the probe 
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Figure 5.9: Homogeneous transformation matrix can be defined which expresses the orientation 
and translation of a frame {i} relative to frame {i — 1} 
axis and axis xq, and point N is the intersection between the needle axis and axis x^. Point A is 
the anus pivot point, and must be known along with the joint values of frames 1, 2, 3 and 6 to 
obtain the position and orientation of the end effector frame with regards to the base frame. 
The transformation matrices that define the relative positions between frames {3}, {2}, {1} 
and {0} axe. 
n = 
7^ 3 
-^ 2 — 
1 0 0 0 
0 1 0 0 
0 0 1 d\ + L\ 
0 0 0 1 
0 - 1 0 0 
0 0 - 1 — (^ 2 — L2 
1 0 0 0 
0 0 0 1 
1 0 0 0 
(5.1) 
(5.2) 
0 - 1 -fia — Z/3 
0 
1 
(5.3) 
where di, dg and ds correspond to the joint variables which describe the translation of each of 
the three Cartesian stages Z, X and Y respectively. The parameters Li, L2, L3 correspond to the 
distance between points 0 and 1 when di = 0, between points 1 and 2 when d2 = 0, and between 
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Figure 5.10: Kinematic model of the prostate biopsy robotic system 
points 2 and 3 when ds = 0 respectively. The transformation matrix from frame {3} to {0} can be 
easily calculated by, 
Ti = • Tf 7^ 3 
^2 — 
0 
- 1 
0 
0 
dz + •E'3 
—(^ 2 — L2 
di + Li 
1 
(5.4) 
The transformation matrix between frames {5}, {4}, and {3} can be expressed as follows: 
Tl = 
Tl 
cos Oi 
0 
— sin 61 
0 
sin 62 
0 
cos 82 
0 
— sin 61 0 
0 1 
— cos 01 0 
0 0 
cos 02 
0 
— sin O2 
0 
0 
LA 
0 
1 
0 
0 
0 
1 
(5.5) 
(5.6) 
where and O2 are the joint variables that describe the two rotations of the gimbal, Oi for frame 
{4} and 82 for frame {5}. Although in Figure 5.10 points 4 and 5 appear in different locations, 
in reality they axe coincident in space. L4 is the distance between point 3 and 4. As there axe 
no encoders on these two joints, it is not possible to calculate these matrices directly. Instead the 
coordinates of the anus position (point A) are required which will then allow indirect calculation 
of angles and 62-
Once the coordinates of point A are known, it is possible to calculate the angles 9\ and 62 using 
geometric relationships. In Figure 5.11, a diagram showing points 3, 4, 5, N, P and A is presented, 
which also show the angles Oi and 02- In this diagram Oi is the angle between the horizontal plane 
CHAPTER 5. MRI COMPATIBLE PROSTATE BIOPSY ROBOT 115 
(a) 
4,5 / -
Lp p 
Angle 0i 
(b) 
4,5 
Angle 0^  
Lp P 
Figure 5.11: Geometric relationships between points 3, 4, 5, N, P and A in order to obtain the (a) 
joint coordinate 9i of frame {4} and (b) joint coordinate 9^ of frame {5} 
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defined by axes X3 and ys and the plane formed by points 3, 4 and A, and can be calculated as, 
= — arctan 
'rsA: 
(5.7) 
where is the x component of the vector rsA expressed in the base reference frame {0}, and 
is the z component of the vector expressed in the same reference frame. In order to 
calculate 7-3 ,^ 
"rsA =° TA ra 
where °rA is known (coordinates of the anus in the base frame) and "rs is the translation vector 
from frame {0} to the origin of frame {3} which can be extracted from Tq as, 
>3 
ds + L3 
—d'2 — L2 
di + Li 
(5.9) 
Calculating 62 requires obtaining the coordinates of point P, as 62 is the angle between the 
axis formed by points 3 and 4 and the axis formed by points 4 and P, as seen in Figure 5.11(b). 
To calculate point P the following equations can be set as a function of the unknown coordinate 
variables xp, yp, zp: 
» The modulus of vector ^r^p is equal to the known geometric distance L5 + Lp as shown in 
Figure 5.11(b), 
(L5 + Lp)^ = {xp — 15)^ + (yp — ys)^ + (zp — 25)^ (5.10) 
• Figure 5.11 shows that the distance from point P to A, LpA, can be calculated from the the 
two vertices of the triangle 5PA as, 
^PA — L5A ~ ^5P — ^5A ~ (-^5 + Lp)^ (5.11) 
with the value L^A obtained from points 5 and A as the norm of the vector = ^TA — 
Vector °rA is known and vector "rg can be obtained from vector as. 
"rs = °r4 = °r3 + 
0 
L4 
0 
(5.12) 
Hence the following equation relating the coordinates of point P with LpA , the norm of 
vector from equation 5.11 can be written as, 
{LPA)'^ = (xp - XA)^ + {yp - VA)'^ + {zp - ZA)^ (5.13) 
• Finally a third equation can be written which establishes that point P must be contained in 
the plane defined by and °rsA- The normal vector of this plane is calculated as: 
ni = °r35 X "rsx (5.14) 
where °r35 = "rg —"ra which are both known and °r3^ = —"ra which are also known. The 
dot product between the plane's normal vector ni and the vector "rgp is zero as expressed 
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by, 
ni • °rsp = ni • 
{xp - X5) 
{yp - ys) 
(zp - %) _ 
(5.15) 
Equations 5.10, 5.13 and 5.15 form a non-linear system of three equations with three variables 
Zf, yp, zp. The system of equations was solved using the Newton Gauss iteration method 
[Han, 1977, Powell, 1978b] and the coordinates of point P obtained. The vector °rpA = °rA — ^Tp 
can then be calculated and angle % expressed as. 
02 = arctan I'PAy 
y(^PAx+^^ 
(5.16) 
PAz) 
Once the angles 61 and 62 are obtained, the matrices T4 and T3 can be calculated from equations 
5.5 and 5.6. 
Prom Figure 5.10, the transformation matrix between frame {6} and {5} can be expressed as: 
7-16 
-^ 6 — 
cos a 0 sin a -L5 + (^4 + i e ) s ina 
— sin a 0 cos a (^ 4^ + Le) cosa 
0 - 1 0 0 
0 0 0 1 
(5.17) 
where a is the angle between the axes zg and 2/5 (in the embodied design a = 1.3°), the joint 
variable for this needle translation axis is ^4, distance L5 is from point 5 to point N and distance 
Le is from point N to point 6 (tip of the outer sheath of the biopsy needle) when the joint coordinate 
d4 = 0. 
Prom Pigure 5.10, the transformation matrix between frame {7} and {6} can be expressed as. 
1 0 0 0 
0 1 0 0 
0 0 1 (dg + Ly) 
0 0 0 1 
(5.18) 
where ds is the joint coordinate of the needle firing axis, which can have two possible values, 
ds = 22mm which corresponds to the case when the biopsy needle is fired and ^5 = 0mm which is 
when the needle is retracted and loaded. Distance L7 correponds to the distance from point 6 to 
point 7 when ds = 0. Point 7 is the centre of the specimen notch on the biopsy needle. Pinally, 
the position vector defines the needle tip T relative to point 7 as, 
r-p = 
0 
0 
Ls 
(5.19) 
where Lg is the distance from the centre of the biopsy notch (point 7) to the needle tip (point T). 
By premultiplying all the the matrices between frame {0} and {7}, the transformation matrix 
which defines the end effector with respect to the robot base frame can be calculated, although 
due to its complex nature and size, it is not illustrated here. 
CHAPTER 5. MRI COMPATIBLE PROSTATE BIOPSY ROBOT 118 
Parameters Range/Value 
Z Axis dl 0-80mm 
X Axis d2 0-80mm 
Y Axis d3 0-80mm 
Joints Gimbal 01 0-360° 
Gimbal 82 ±135° 
Needle Insertion d4 0-45mm 
Needle Firing d5 0 or 22mm 
LI 49.75mm 
L2 52.7mm 
L3 52.8mm 
L4 52.4mm 
Links L5 44.1mm 
L6 102.4mm 
Lp 3.1nim 
L7 -6mm 
L8 9.5mm 
Table 5.2: Joint limits and link lengths of the prostate biopsy robot 
5.5.2 Workspace Analysis 
The robot workspace is defined as "the region described by the origin of the end effector frame 
when all the manipulator joints execute all possible motions" [Sciavicco and Sciiliano, 1996]. For 
the prostate biopsy robot it consists of the region in space within which the device can take a 
biopsy. The workspace is characterised by the manipulator geometry and the mechanical joint 
limits, and is obtained by solving the forward kinematics problem for every possible joint value of 
the robot. The forward kinematics of the robotic system were implemented in Matlab using the 
Robotics Toolkit [Corke, 1996]. 
As the forward kinematics of the system require the known coordinates of the anus pivot point, 
the robot workspace will vary depending on the relative location of the pivot point with respect 
to the robot. For the joint limits and lengths expressed in Table 5.2, and supposing that the robot 
is set-up around the patient so that the anus is located at a normal distance of 100mm from the 
gimbal (which simulates a realistic case), the robot workspace is presented in Figure 5.12. The 
points in blue refer to the different points in space which the end-effector can reach, and in red an 
average sized prostate (35x40x50mm) has been superimposed at 100mm from the anus. The anus 
is marked as a green circle. Not every point reachable by the robot end-effector has been shown in 
order to improve the clarity of the diagram, but the workspace indicates that with the given DOF, 
joint ranges and link geometry, the needle can reach all points in the prostate. 
5.5.3 Inverse Kinematics of Robotic System 
The inverse kinematics problem consists of determining the joint variables of the robot which will 
locate the end-effector at a desired position and orientation, which is given in the robot frame of 
reference [Sciavicco and Sciiliano, 1996]. The inverse kinematics is somewhat more complicated 
that the forward kinematics problem as it generally involves solving non-linear highly coupled 
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Figure 5.12: Workspace of the prostate biopsy robot showing in red an average sized prostate and 
in blue all the points that can be reached by the biopsy needle on the robot. With the given 
kinematic design all points in the prostate can be reached by the needle end effector 
CHAPTER 5. MBL COMPATIBLE PROSTATE BIOPSY ROBOT 120 
equations, can give multiple solutions (from which one set of joint values must be selected by 
defining a criteria: i.e. least motion from current position, minimal energy consumption), and 
special attention is required for the case of singularities in the mechanism or when no solution is 
available. Two general approaches can be adopted when working on the inverse kinematics of a 
manipulator. The first involves a direct solution, which requires defining geometric and algebraic 
relationships between the location of some of the joint frames of reference and the given end 
effector position, and a computational solution, where a numeric iterative procedure is established 
to solve the equations that define the joint coordinates as a function of the end effector position 
and orientation [Craig, 1995]. For this manipulator a combination of both methods are used to 
solve the system. 
The initial known values are the anus coordinates and the end-effector position coordinates 
(point G), °rG, both expressed in the robot base firame. Given the kinematic configuration and 
the number of degrees of freedom of the manipulator, for a given needle insertion length only one 
possible orientation is possible (as the probe cannot rotate around its own axis). Figure 5.13 shows 
the kinematic diagram of the manipulator with the location of the end effector and anus position, 
and an enlarged diagram of the geometry formed by the probe, anus and needle position, which 
are all contained in a single plane. 
Point G corresponds to the desired end effector position, and point C is the intersection between 
the needle axis and the probe axis, as these two axes form an angle of a = 1.3°. As points G and A 
are known, it is possible to calculate angle Oi from the vector °rAG = as demonstrated 
in Figure 5.11 in Section 5.5.1, 
'°rAGx\ 
Oi = — arctan ( % ) (5.20) 
where ^VAGX is the x component of the vector TAG expressed in the base reference frame {0}, and 
'^RAGZ is the z component of the vector TAG expressed in the same reference frame. 
Figure 5.13 shows that in order to calculate the joint variables of the robot, it is necessary to 
obtain the position of point N. To do so point C will first be calculated and then the position of 
point N obtained by geometry from the triangle PCN. 
From triangle ACG it is possible to obtain the coordinates of point C, by writing the following 
equations as a function of the unknown coordinate variables xc, yc, ^c-
• The modulus of vector °RCG is equal to the geometric distance LQC which is a function of 
joint variable 
{LGC)^ = {XC - %)^ + {yc - YC)^ + {ZQ - (5.21) 
where the distance LQC can be written as, 
Lqc = LQ + Lj + (^ 4 + 0^5(22) — Li^c (5.22) 
with Ljvc the distance from point N to point C which is a design characteristic and can be 
obtained from the robot CAD design. To obtain LQC it is necessary to select a value for 
di, which is the joint variable for the needle insertion axis, represented by point 6 in the 
kinematic diagram. The joint variable di can vary from 0 to 45mm as shown in Table 5.2, 
and a different value of LQC is obtained for each di. 
• The distance from point A to point C, LCA-, is the modulus of vector ^TCA, 
{LcAf = (xc - xa^ + {yc - Va^ + {zc - ZA^ (5.23) 
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Figure 5.13: Kinematic diagram of the prostate robot biopsy manipulator and geometry formed 
by the needle, probe and anus 
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where LCA can be obtained from the triangle ACG applying the sine and cosine theorems, 
Points A, G and C are all contained in a single plane (normal vector ni) which forms an angle 
6i with a horizontal plane formed by axes X5 and y^. Hence the dot product between the normal 
vector n i and the vector ^rcG is zero, 
"1 • ^rcG = [ cos 61 0 sin di j 
{xc - XG) 
{yc - yo) 
(zc - % ) 
= 0 (5.25) 
Equations 5.21, 5.23 and 5.25 form a non-linear system of three equations with three variables 
XQ, 2/c, ZQ. Solving using the Newton Gauss iteration method [Han, 1977, Powell, 1978a] yields 
the coordinates of point C, giving the vector °rc- It was mentioned in equation 5.21 that the 
distance LQC is a function of the joint variable needle insertion DI (needle insertion axis), a 
variable which can vary from 0 to 45mm giving a different value of L a c each time, and therefore a 
different value of point C. In our process of resolution of the inverse kinematics of the manipulator, 
the joint variable will be given values from 0 to 45mm in 1 mm increments (46 values in total), 
and thus 46 solutions will be obtained for point C. This will also yield 46 solutions to our inverse 
kinematic problem, and a criteria will be selected to choose one amongst them all. 
Once point C has been calculated. Figure 5.13 shows that from triangle CPN, points P, 7, 6 
and N can be calculated as follows: 
°rp = " re — Lpc ^ L c l ^ (5.26) 
where Lpc is a design characteristic and can be obtained from the robot CAD design as the 
distance from point P to C. 
= " re (5.27) 
°r6 = % - ( d 5 ( 2 2 ) + f , 7 ) ( ' ^ ^ (5.28) 
(5.29) 
Log J 
°riv = °r6 - (di + Le) 
The vector °rpA = °rA — °rp can be used to calculate angle 62, 
02 = arctan [ J (5.30) 
Wi'^PAx + rpAJj 
Once point 6 and the angles 9i and 82 have been obtained, the joint variables di, dg and 
can be calculated by identifying the translation vector component of matrix T® to the position of 
point 6 defined by the vector as calculated in equation 5.28. 
The number of solutions for the inverse kinematics of the manipulator will be 46, one for each 
value of the joint vector To choose from the 46 solutions obtained the criteria used will be 
to choose the joint variables which make the manipulator move the least amount from its current 
position. Considering that the manipulator moves an endorectal probe inside the rectum of a 
patient, minimising total motion will also reduce patient discomfort. 
CHAPTER 5. MRI COMPATIBLE PROSTATE BIOPSY ROBOT 123 
In order to select the best set of joint variables, the total motion required to move from the 
current position to the calculated position is computed, and the solution that requires the least 
amount of motion is selected. The distance from the current position to the calculated position 
will be given by, 
dist = (dj — di) + (<^ 2 (^ 2) + — ds) (5.31) 
where di, d^ and d^ are the current joint variables and cZJ, dg and ^3 are the calculated joint 
variables. 
5.5.4 Accuracy of Robot Inverse Kinematics 
The previous sections developed the forward and inverse kinematics of the prostate biopsy robot. 
In order to evaluate the accuracy of the inverse kinematics algorithm, a set of joint values were 
selected for the robot and an anus location given. For example, if we define a q vector which 
contains the joint values for each of the active degrees of freedom 5 = d j ^2 da d^ c/5 j , 
then the set of joints, 
g = 40 40 40 45 22 ] 
with an anus location of °rA = [ 75 -100 175 j will produce an end effector position of 
°rr = [ 66.1 - 3 6 . 1 217.7 j 
as calculated by the forward kinematics matrix Tq. If this end effector value is introduced into the 
inverse kinematics algorithm with the same anus location, then it yields a joint vector of 
4 39.8 39.8 40 45 22 
which in turn is again introduced into the forward kinematics algorithm to obtain an end effector 
position of 
= [ 66.1 - 3 6 . 2 217.5 
By comparing and an RMS error can be calculated, which is the error due to the inverse 
kinematics algorithm. 
Crms = y(°r7% - + (0??% - + i°r7z - = 0.2205mm 
Proceeding in this way for a sample of randomly selected joint values (N=1271), the accuracy of 
the inverse kinematics algorithm can be expressed as 0.1644 ± 0.0065mm (p<0.05). 
5.6 System and Component Design 
Once the kinematics of the robot was developed, a more detailed system and component design was 
undertaken. It is clear that from the kinematic design, mostly linear stages are required to produce 
the desired motions of the DOF. Section 4.4.2 of Chapter 4 presented MR compatible linear stages 
actuated by piezoceramic motors with optical encoders, which could be accurately controlled. 
These modular stages will provide the linear motion of the three Cartesian axes, while a separate 
needle insertion mechanism was specifically designed. In addition motion control hardware and 
system software must be developed in order to ensure the robot can produce the desired motions 
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Figure 5.14: Schematic illustration of prostate biopsy system, with patient in left lateral decubitus 
position (2), robot manipulator (3) inside the MRI scanner (1), control console and practitioner 
(4) 
to perform a prostate biopsy in a safe and efficient manner. 
5.6.1 System Overview 
The prostate biopsy system consists of a robotic manipulator which is situated by the patient 
inside the MRI scanner. The patient is positioned in the left lateral decubitus position and the 
robot is located beside the anus and proximal to the scanner isocentre. The robotic device moves 
an endorectal probe inside the rectum which contains an imaging receiver coil and a biopsy needle 
inside a plastic needle channel. Once the needle is aligned with a target position in the prostate, 
it is fired and a biopsy obtained. The practitioner will be located at a console a few metres away 
from the scanner bore in order to be close to the patient in the event of an emergency, and provides 
commands to the robot manipulator while receiving real-time updated MR images of the prostate 
region. These images will show the tissue deformation of the prostate due to probe motion, the 
position of the desired target and the location of the needle tip. An overview of the system can be 
seen in Figure 5.14. 
5.6.2 Mechanical Design of Robotic System 
The entire robot can be seen in detail in Figures 5.15 and 5.16. It presents the three Cartesian 
stages, the passive gimbal and a needle insertion and firing mechanism. 
The 3 DOF Cartesian stage was made by connecting three linear 1 DOF modular stages together 
in perpendicular directions. In order to avoid the large deflection under load typical of cantilever 
structures, the horizontal module was connected to a plastic bearing and supported by a block as 
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Figure 5.15. Robotic system for transrectal prostate biopsy composed of a 3 DOF Cartesian stage, 
a passive gimbal mechanism and a needle insertion and firing mechanism 
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shown in Figures 5.15 and 5.16(a). The highest speed of each axis was reported to be approximately 
6mm/s, giving a maximum speed of the endorectal probe of 10.4mm/s. 
The structural components of the passive gimbal mechanism were manufactured using an SLA 
rapid prototyping technique out of epoxy-resin and ABS. The gimbal permitted rotation around 
two axes with the shafts made from Delrin and machined to provide a frictionless slide fit with the 
other gimbal components, as displayed in Figure 5.16(b). 
The endorectal probe was designed using an SLS rapid prototyping technique in order to con-
form to an ergonomic shape. The probe is made from Duraform@, a glass filled Nylon powder 
which can be sterilised (autoclavable) and provides relatively high rigidity for plastic (E=1.6GPa 
and 44MPa tensile strength). Running through the shaft handle of the endorectal probe is a recess 
designed for the insertion of a needle channel through which the needle will run as it is driven into 
the prostate. The needle channel is designed to support the needle up to the point when it leaves 
the probe and goes into the prostate, therefore reducing its defiection due to the tissue. The probe 
is shown in Figure 5.16(d). The endorectal probe was fitted with a receiver coil to improve the 
SNR of the images in the vicinity of the prostate. 
The needle insertion and firing stage was designed using a combination of machined and rapid 
prototyped components, and can be seen in Figure 5.16(c). The stage connects to the gimbal 
mechanism via two plastic rails that serve as linear guides for a carriage which contains the biopsy 
needle. For needle insertion, actuation by means of a single PiezoLeg motor provides translation 
of the carriage along the linear guides. The carriage is designed using an SLS rapid prototyping 
technique out of epoxy-resin, with a specially shaped groove for attaching a biopsy needle. The 
groove is designed to allow a SOMATEX MR compatible 18 gauge needle to be attached to the 
carriage, which is the needle that will be used in the clinical procedure. The motor can produce 
a maximum force of 7.4N, and considering friction of the stage is lower than O.IN, is enough to 
pierce the prostate capsule in most cases [Tarun et al., 2006]. 
Incorporated into the needle insertion carriage is the needle firing system. In order to fire 
the biopsy needle once it is positioned inside the prostate, a force of 23N must be provided at 
the handle. This force is too high to be provided by the piezoceramic motors and hence another 
actuation method was needed for this stage, which must change between two binary positions. The 
carriage contains an internal cylinder with a piston that is moved using pressurised air as shown in 
Figure 5.16(e). In order to produce a force of 23N with a piston area of 180.3mm ^  and a frictional 
force of 5N in the cylinder, the total air pressure required is approximately 155kPa, which can be 
provided by the internal air supply of the MR room after regulation. A valve is required to turn 
on or off the air flow to the cylinder, which will control the firing of the needle. 
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Figure 5.16: (a) 3 DOF Cartesian stage formed by connecting three 1 DOF linear modules together 
with a support block to minimise deflection, (b) gimbal mechanism showing structural components 
and rotational shafts, (c) needle firing and translation stage, (d) endorectal probe with RF receiver 
coil embedded in the head and (e) schematic of needle firing actuation stage using a pneumatically 
driven cylinder and piston assembly 
5.6.3 Control Console and Hardware 
Additional hardware is required in order to provide the necessary actuation and control signals to 
the robot manipulator: (i) a control PC with a graphical user interface to run the system software, 
(ii) a motion controller with digital inputs and outputs, (iii) a DC power supply and (iv) motor 
drive electronics. In addition the system specifications required that the control console of the 
robot be located inside the scanner room so that the practitioner can be close to the patient in 
the case of an emergency. Therefore all the hardware components were introduced inside a large 
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shielded enclosure inside the scanner room at 2m from the bore entrance. The enclosure was made 
from aluminum panels of 1.5mm thickness and painted white, as shown in Figure 5.17(a). 
A Compact Rio 9004/9104 controller (see Section 4.4.2 of Chapter 4) was used to process the 
input and output signals of the robot. The controller includes a digital input module to receive 
the electrical pulses from the encoders and a digital output module to send high frequency digital 
signals to the motor drivers. 
The system software and graphical user interface were run on an embedded PC (Intel Pentium 
M, 400MHz, IGB RAM, Windows XP embedded) and interfaced to a 15" touch screen for user 
input and output. The shielded enclosure presents an opening on which to mount the touch screen 
as displayed ia Figure 5.17(a). 
To provide power to the active components of the system several DC lead acid batteries were 
used (Yuasa, 6V, 12Ah capacity) and placed inside the shielded box. Motor drive electronics 
(capable of frequencies of up to 3kHz to the motors) were also placed inside the box in order to 
provide the necessary signals to drive the motors at the desired speed. All the hardware components 
located inside the shielded enclosure are displayed in Figure 5.17(b). 
To avoid any interference between the electronics and the scanner RF receiver coils, the box was 
tightly shielded and connected to the ground of the scanner room. As the system requires cables 
going from the box to the robot inside the scanner, measures are required to avoid these cables 
acting as antennas bringing into the scanner RF noise from inside the box. These measures include 
shielding all the cables and implementing hardware low pass filters (characteristics presented in 
Section 4.5.3 of Chapter 4) at the wall of the shielded enclosure in order to attenuate any high 
frequency signals close to the Larmor frequency of a 1.5T scanner. 
A block diagram of the system hardware is presented in Figure 5.18. 
5.7 System Software 
To make the system software intuitive and user friendly, a graphical user interface was developed 
using NI Lab View 8.2 which presents an interface similar to the Windows environment of Microsoft. 
It can also be interfaced with Matlab, so the kinematics can be solved using the Matlab tools and 
the results then passed on to Lab View for control of the robotic device. 
5.7.1 Software Architecture 
Lab View 8.2 allows developing software for use with National Instruments hardware, such as the 
Compact Rio. The FPGA chassis has a clock rate of 40MHz and hence will contain the part of the 
code that requires high update rates. The embedded PC will host the GUI and will run Matlab 
which contains the algorithms to solve the forward and inverse kinematics of the system. Figure 
5.19 shows the software architecture design. The digital input module from the FPGA chassis 
receives the electric pulses from the encoder as the robot moves and Lab View decodes the pulses 
into position and direction of motion with an update rate of approximately IMHz. The motor joint 
position control loop, which runs at a frequency of 500kHz, calculates the motor signal output as 
a function of the error between the desired position and current position and sends the value to 
the digital output module. 
In order to reach a specified target in the prostate with the needle end effector, Section 5.5.3 
showed the algorithm to solve the inverse kinematics of the robot, and hence obtain the joint values 
required to reach the desired target. These kinematic algorithms were implemented in Matlab using 
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Figure 5.17: (a) Shielded aluminium enclosure which contains all the electronics and control hard-
ware of the system, and (b) robot hardware includes Compact Rio motion controller, motor drive 
electronics, power supply and filter panel 
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Figure 5.18: Block diagram of system hardware for the prostate biopsy robot 
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Figure 5.19: Software architecture of the Labview programme, which runs on both an embedded 
P C and an FPGA chassis. The time critical functions were run on the FPGA as it runs in real 
time and has a fast clock rate [NI, 2004] 
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the robotics toolkit which made it necessary to interface the Lab View environment with Matlab. 
This was done on the embedded PC, where the target biopsy position in the prostate was taken as 
an input from the user in Lab View and sent to Matlab for the calculation of the joint values, which 
were then sent to the FPGA chassis to run joint control of the robot. The FPGA chassis returns 
the robot joint position back to the embedded PC environment to be displayed for the user. 
5.8 Robot - Scanner Registration 
In order to resolve the forward and inverse kinematics problem for the designed manipulator it is 
necessary to give the anus position and the target end-effector position in the robot base frame 
of reference {0}. It may be the case however that these points are known in another coordinate 
reference frame and need to be converted into the robot base frame. This process requires the 
determination of a transformation matrix from the space of one coordinate reference frame to 
another. The mapping operation which can transform one object from its space into the space 
of another is called registration. In the case of the prostate biopsy robot, the target point in the 
prostate from where we desire to take the biopsy as well as the anus position will be known in 
the MRI scanner coordinate reference frame (they will be obtained from the scanner images), and 
hence the registration process will require transforming data from the scanner reference frame {s} 
into the robot reference base frame {0} by means of the transformation matrix Tq . The coordinates 
of the biopsy target position are expressed in the MRI scanner frame of reference {s} as ^ rc , and 
must be given to the inverse kinematics algorithm expressed in frame {0}, where 
O r G = T f . 2 r G 
Registration Algorithm 
To obtain a desired transformation matrix which maps one coordinate frame to another, let us 
suppose that we have two reference frames {a} and {d} and we have N points, each point i defined 
in both the coordinate reference frames, 
where i ranges from 1 to N, as shown in Figure 5.20. 
We are looking for a transformation of the type, 
" n = R Ti + ro (5.33) 
where i? is a 3x3 rotation matrix and tq a translation vector. Unless the data is perfect, that is, 
each point i is expressed in the two different coordinate frames with exact accuracy, we cannot 
find a rotation matrix R and a translation vector tq which satisfies equation 5.33 for each point. 
There will be a residual error which can be defined as, 
Ci =® Ti - i? n - To (5.34) 
We will look for a rotation matrix R and translation vector tq which will minimise the squares 
of these errors, 
Y2 - R - ' ' r i - ro |f (5.35) 
i=l 2=1 
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Figure 5.20: Registration process involves mapping points from one coordinate space {a} to another 
{b} 
Several methods are reported in the literature to solve this problem [Arun et al., 1987, Arun KS, 1987, 
Horn et al., 1988]. The method described by Horn et al. [Horn et al., 1988] provides a simple way 
of calculating the translation vector ro as. 
ro r' — R - ^r' (5.36) 
where "r ' and °r' are defined as, 
N 
1=1 
N 
i=l 
(5.37) 
(5.38) 
To obtain the rotational matrix R the method described in Arun [Arun et al., 1987, Arun KS, 1987] 
is used. If a coordinate transformation is performed on each point i, we can define a vector q for 
each point as, 
(5.39) 
(5.40) 
We then calculate the 3x3 matrix H defined by 
i=l 
and calculate the singular value decomposition (SVD) of H, 
(5.41) 
H = US-V' (5.42) 
where U and V are orthonormal matrices and matrix S has non-negative values in its diagonal 
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and zero values elsewhere. We then compute matrix X as, 
X = V-U'^ (5.43) 
and calculate its determinant If |X| = 1 then the rotational matrix R we are looking for is 
precisely X, 
R = X (5.44) 
and if |X| = —1 then 
R=V'-U^ (5.45) 
where V is obtained by changing the sign of the third column of V. Once the rotation matrix R 
is obtained then the translation vector tq can be calculated from equation 5.36. With these two 
values the transformation matrix TQ can be calculated as follows: 
n = 
Rii RX2 RI3 ro: 
R21 R22 -R23 rO: 
R31 R32 -R33 rOi 
0 0 0 1 
(5.46) 
Registration Method 
In order to implement the registration algorithm presented in the previous section a minimum 
number of 3 points must be selected and measured in both of the coordinate frames to be mapped. 
This requires selecting fixed points on the prostate robot and measuring their position with regards 
to the robot base frame {0}. These same points must then be measured relative to the MRI scanner 
coordinate frame {«}, and hence they must appear on the MR images. In order to do so passive 
fiducial markers were implanted in several places in the prostate robot, which appear as small spots 
of high contrast on MR images allowing their coordinates to be derived from the scan images. 
Passive fiducial micro-coils are independent resonant circuits which have been shown to induc-
tively couple to the scanner receiver coil [Burl et al., 1996] and appear on low-flip angle images as 
bright dots. Inductive coupling uses mutual inductance between aligned coils to carry signals from 
one coil to the other, permitting signal reception without wiring. Single-resonant passive micro-coil 
fiducial markers were constructed by hand-winding 6 turns of 0.46mm diameter enamelled wire 
around a 2.3mm diameter former. To allow fine-tuning, the coils were wound with small gaps 
between the turns. Each coil had an inductance of around 55nH and was soldered to a small piece 
of stripboard with a non-magnetic capacitance of llOpF connected in series to produce a resonance 
in the region of 64MHz. A network analyzer was then used to fine-tune the fiducial to 63.6MHz by 
squeezing the coil, which was then fixed using epoxy resin. The coils can be seen in Figure 5.21, 
and were designed and constructed by Marc Rea, the MR physicist on the team [Rea et al., 2008b]. 
To generate a signal the coil was filled with a vinyl plastisol gel material (Dermal Pads, Spenco 
Healthcare, UK), with the solid gel cut into an approximate 2mm sided cube and inserted into the 
marker coil. The fiducials measured approximately 3x3x5mm in size. The loaded circuit quality 
factor Q of the micro-coils was measured using a network analyser and found to be in the region 
of 60, which when multiplied to the fiip angle of the MR scanner will give a maximum signal at a 
flip angle of between 1-2° (corresponding to a local flip angle of approximately 90 degrees). 
Four of these markers were embedded into the prostate robot, and their approximate positions 
relative to the robot base frame were obtained using a digital measurement device (which has a 
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Figure 5.21: Fiducial micro-coil markers tuned to the resonance frequency of a 1.5T MRI Scanner 
Fiducial Markers 
Figure 5.22: Passive fiducial markers embedded in the robot structure for registration purposes 
maximum error of 0.05mm). The markers can be seen on the robot in Figure 5.22, where they 
are embedded in small pockets in the structure and fixed by an adhesive bond. The robot is then 
introduced into the scanner bore isocentre and a series of images taken which show the fiducials as 
bright spots, from which the coordinates of the fiducials can be extracted. Once the registration is 
complete the total error of the registration process can be obtained by addition of the RMS error 
for each fiducial, 
E r = \/ei 4- 62 + 63 + 64 (5.47) 
where each e* is given by equation 5.34. 
5.9 MR Real-Time Tracking 
Clinical requirements often recommend several methods for providing positional data of the needle 
tip for more robust tracking of end effector location. The MR scanner can be used to provide images 
which can track instruments inside the FOV at a pseudo real-time update rate. This section 
describes the development of an imaging technique which combines the use of passive fiducial 
markers and real-time processing of scanner images to provide end effector target localisation. The 
method has a two fold objective; 
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Figure 5.23; Fiducial micro coils embedded in the head of the endorectal probe in fixed known 
positions 
• To provide end effector localisation and real-time tracking using image processing of fast MR 
scanner image sequences 
• To provide automatic slice alignment of the scan planes in order to produce images that 
include the end-effector at all times 
This work was implemented by Marc Rea. A minute description of the entire method is beyond 
the scope of this thesis, and the interested reader should consult the published papers we have 
written on the matter [Rea et al., 2006, Rea et al., 2008b]. 
5.9.1 End Effector Localisation and Scan Plane Alignment 
Fiducial Marker Placement 
In order to localise the end effector position, tracking the endorectal probe in the rectum provides 
an ideal reference from which to calculate the needle tip, as there is a fixed geometric relationship 
between the needle and the probe. In addition this relationship does not rely on any of the system 
kinematics or anus pivot point localisation, and is thus free from the sources of error associated to 
these. Two passive fiducial micro-coils similar to the ones used for registration and described in 
Section 5.8 were implanted in the head of the probe as shown in Figure 5.23, with a separation of 
35mm. Only two fiducials were necessary to track the probe in three dimensions, as rotation around 
its own axis is constrained. These were used as opposed to direct imaging of contrast materials 
which generally suffer from low contrast and low resolution [Beyersdorff et al., 2005, Smits, 1999]. 
By using tuned resonant micro-coils for signal enhancement of the markers, increased SNR of 
the fiducials against the background was achieved at very low flip angles. When a small flip 
angle RF pulse is used, an enhanced local signal is produced by the resonant tuned micro-coil, 
while surrounding tissue magnetization is left relatively unperturbed and available for subsequent 
imaging. 
Scan Plane Alignment 
Three imaging planes were defined with respect to the endorectal probe in order to track its 
position, as shown in Figure 5.24. The first plane is a sagittal plane to the probe which includes 
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Figure 5.24; Endorectal probe showing the relative orientation of the three selected imaging planes. 
The fiducial and sagittal planes are used as tracking slices, where as the needle plane is an optional 
image plane which includes the needle trajectory and target. The two fiducials form a straight line 
which intersects the needle at the intersection point (crosshair), from which the needle tip can be 
easily calculated 
the two fiducial markers and the needle axis and which is constrained to rotate between the patient's 
sagittal and transverse planes. The second tracking plane is a plane perpendicular to the sagittal 
plane, which contains only the two fiducials (it is thus denominated fiducial plane) and which can 
be oriented between the patient's coronal and transverse planes. A third plane can be defined 
which has a fixed angular and translationaJ offset from the previous planes and which includes 
only the needle axis and the tissue target {needle plane). In this plane the needle trajectory can be 
superimposed and aligned to see the tissue target when fired. The real-time MR tracking sequence 
developed will be capable of tracking the fiducial coordinates, and then calculating the position of 
the defined planes, which will then be fed back into the scanner. 
Pulse Sequence Programming 
The process of operation of the scanner gradients and pulses, mathematical operations required 
for image reconstruction and image display on the host computer requires the synchronisation and 
correct running of three principal computing components: 
• Host Computer: this is a Windows based PC computer located in the scanner control 
room, on which the operator will prescribe the scan in terms of the pulse sequence, tim-
ing and sequence parameters. The host computer checks that these values are within the 
hardware limits (i.e maximum gradient strength, maximum number of slices) of the scan-
ner and then they are sent to a separate micro-processing unit called the pulse programmer 
[McRobbie et al., 2003]. 
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• Pulse Programmer: this equipment controls the scanner hardware, ensuring that the RF 
pulses, gradients and data acquisition are all properly synchronised by performing complex 
timing control of sequences. It converts the sequence information received from the host com-
puter into digital representations of the desired RF or gradient pulses [McRobbie et al., 2003], 
and runs off a real-time operating system. 
• Image Processing Computer: This is a Linux 64 bit Quad processor based machine, which 
performs the mathematical operations to convert data in k-space to an image at the console. 
The pipeline of functions and operations to be completed by this computer is expressed in 
the pulse sequence information sent by the host computer. 
In order to implement a tracking algorithm which is capable of localising the signal produced by 
the fiducial micro-coils in a low flip angle sequence image, a specially developed pulse sequence 
and reconstruction algorithm were implemented on a Siemens Avanto 1.5T MRI scanner (Siemens 
Medical Solutions, Erlangen, Germany) at Charing Cross Hospital, London. A real-time Fast Low-
Angle SHot (FLASH) pulse sequence (TR = 9.1ms, TE — 4.8ms, flip angle = 2°, slice thickness = 
5mm, 128x128 matrix) was modified and programmed using the Siemens IDEA platform, which 
is a software enviromnent which enables programming and simulating pulse sequences. The IDEA 
platform contains libraries of functions in order to process the data coming from the scans. 
Tracking Algorithm 
Initially both the sagittal plane and fiducial plane are aligned manually by the user on the host 
computer with the robot in a fixed position, and images taken. These tracking images are then 
processed by the separate image reconstruction machine following the instructions on the modified 
pulse sequence. Firstly the magnitude images are extracted from the raw data coming from the 
scanner. Using the library functions available on the IDEA platform, the fiducials were then 
localised within the images. As the images taken have a low flip angle of only 2°, everything on 
the image appears dark except for the fiducial markers which appear as bright spots due to the 
local magnification of the field in their proximity. The algorithm starts with the sagittal plane. In 
order to detect the location of the markers the maximum signal intensity pixel is singled out. A 
9x9 pixel submatrix is then centered on the selected pixel and a 2-dimensional linear interpolation 
algorithm is applied which interpolates the subpixel signal values in the sub matrix in order to 
calculate the centre position of the fiducial. This method of sub-pixel localisation was used after an 
evaluation of six suitable algorithms [Rea et al., 2006] which concluded that linear interpolation is 
the most suitable method for real-time localisation of fiducials using image processing, considering 
the trade-off between processing time and accuracy. Once the centre of the fiducial is calculated 
and its coordinates obtained, all the pixels in the submatrix have their signal removed, and the 
same process is repeated to obtain the coordinates of the second fiducial. 
When an image slice is obtained from the scanner, everything contained within the slice volume 
(shce plane x slice thickness) is presented projected on to the centre of the slice (slice thickness 
is considered zero). Hence when processing a single image, the fiducial coordinates which are ex-
tracted from the image plane may be inaccurate due to not considering the slice thickness. In order 
to obtain reliable 3D positioning data fi-om the fiducials, the fiducial coordinates cire also obtained 
using the same algorithm from a perpendicular plane, the fiducial plane, which also contains the 
fiducial markers. In this way the coordinates of the 2 fiducials can be accurately extracted using 
the data from both planes. The accuracy of the tracking algorithm to detect fiducial positions gave 
an average RMS error of 0.36±0.17mm (p<0.05) [Rea et al., 2006, Rea et al., 2008b]. 
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Once the coordinates of the fiducials were calculated they were saved in local memory, and two 
new tracking planes were then calculated centered on the fiducials and fed back into the scanner 
via the local network with a minimum update rate of 2.4s. The algorithm is capable of tracking 
the fiducial positions as the robot moves the probe, as long as the fiducial markers are contained 
within the slice thickness of the image planes. By choosing a slice thickness of 8mm and considering 
the slow speeds of the robot this is generally assured and the coordinates can be tracked and the 
scan plane updated in real-time to always include the markers. Once the two new tracking planes 
are calculated, the needle plane position is easily obtainable and is also fed back to the scanner, 
providing an image with a higher fiip angle in order to see target anatomy. 
End Effector Position Calculation 
Once the coordinates of the fiducial markers are known, the point that intersects both the needle 
axis and the axis which joins both fiducials can be easily calculated to obtain the intersection 
point as indicated in Figure 5.24. The needle end effector position can be calculated from the 
intersection point knowing the joint value of the needle insertion axis. A graphical overlay is then 
projected onto each of the scan planes before being sent to the host computer, showing a schematic 
representation of the fiducials, the intersection point and the needle tip and specimen notch. An 
overview of the full measurement protocol is given in Figure 5.25. As the new images are produced 
they are displayed onto the scanner host computer, giving updated spatial information of the region 
of interest. 
5.10 Conclusions 
This chapter has described the importance and motivation of building a prostate biopsy system 
capable of leveraging the advantages offered by MRI, by targeting specific areas within the prostate 
and providing real-time updated images of the tissue region of interest. In order to do so a 5-DOF 
manipulator was developed, capable of reaching all the possible points within the prostate by 
means of a biopsy needle. The mechanical design was presented which showed a 3-DOF Cartesian 
stage moving an endorectal probe within the rectum which pivots around the anus. The probe has 
needle insertion and needle firing mechanisms attached to it, so once the needle is aligned correctly 
in the probe towards the prostate target, the biopsy needle can be introduced, fired and retracted 
in a very short amount of time. The user controls the robotic manipulator from a console inside 
the scanner room by means of a touch screen. 
The system kinematics were developed using the Denavit Hartemberg parameters, but required 
knowing the coordinates of the anus position in the robot base frame for there to be a solution. This 
was due to the lack of encoders on the gimbal mechanism which joins the endorectal probe to the 
Cartesian stage. Accuracy of the robotic system using the developed kinematic algorithms must 
be demonstrated to see if the needle end effector can be positioned to within the desired accuracy 
of ±3mm. This is especially important as the anus has been considered as a single point in the 
kinematics algorithm, when in reality it is quite flexible and prone to move during intervention. 
As the target point within the prostate will be defined on an MR image, a registration algorithm 
must be applied to transform the target point from the scanner frame of reference to the one used by 
the robot. Using the algorithms developed by Horn [Horn et al., 1988] and Arun [Arun et al., 1987, 
Arun KS, 1987] a point to point registration method was developed which involved embedding four 
passive fiducial markers in the robot base and scanning them to obtain their coordinates in the 
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Figure 5.25: The designed pulse sequence for imaging, fiducial coordinate calculation and scan 
plane orientation feedback. The two tracking images (1, 2) are obtained and the scanner pauses 
while the images are processed (3) and the resultant 3D fiducial locations are calculated (4). These 
positions axe then used with knowledge of the probe geometry to calculate the new slice orientations 
(5), which are fed back into the scanner permitting imaging of the needle plane (6) and graphical 
overlay of end effector position (7) before repeating the loop. 
The graphic overlay is added to all of the planes highlighting the two fiducial positions, the intercept 
point (displayed as a crosshair), the needle trajectory and end effector position (box). 
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scanner frame of reference. From these points, the corresponding transformation matrix between 
the two reference frames can be calculated. 
As real-time MR images will be provided to the user of the tissue region of interest, it is 
important to align the slice plane location of these images so that they always include the needle. 
Hence an image processing tracking method was developed which was capable of detecting the 3D 
coordinates of two passive fiducial markers embedded in the head of the probe, and re-calculate 
new scanning planes centered on these markers. These were then fed back to the scanner for 
update of the scan plane position. In addition, as the position of the markers are well known, the 
needle end effector can be superimposed on the image with a graphical overlay as there is a fixed 
geometric relationship between the fiducial markers and the needle point once it is fired. This can 
give the user real time updated feedback as to exactly where the needle will be positioned when 
fired. 
Chapter 6 
Prostate Biopsy Robot: Phantom 
and Clinical Trials 
6.1 Introduction 
In Chapter 5 the design and kinematics of a transrectal prostate biopsy robot was presented. 
Although the workspace analysis showed the capability of the robot to reach all points in the 
prostate to within the desired accuracy of ±3inm, the analysis was based on the kinematic model 
that was developed to represent the robotic system, and the model must be validated with the real 
robot. To evaluate how the model correponds to the real kinematics of the robot, phantom trials 
must be performed both in the laboratory environment as well as in the MRI scanner to ensure 
that the real system accuracy is indeed within the requirements. Once these have been performed 
satisfactorily then clinical trials with real patients can be undertaken and biopsies of the prostate 
extracted. 
This chapter starts by describing the robot control algorithms that have been implemented in 
the system. These include individual joint control of each axis, synchronised trajectory control of 
the axes that form the Cartesian stage and motion of the end-effector within a specified plane. A 
series of tests are then performed in order to verify the needle positioning accuracy of the robot 
in both the laboratory environment and inside an MRI scanner. A custom made phantom has 
been built in order to simulate with some degree of realism the conditions of a transrectal biopsy 
of the prostate. Finally a clinical trial was undertaken with a single patient to provide an in-vivo 
demonstration of the functionality of the system. 
6.2 Robot Control 
In Chapter 5 the inverse kinematics of the system was presented, where from a defined target point 
in the prostate, the joint values of the robot that moved the end effector to the desired position were 
calculated. These joint values will be the inputs to the robot control algorithm, which must assure 
that each joint reaches its target position accurately. The system software presents three modalities 
for robot control, the first consisting of individual joint control for each axis, the second involving 
trajectory control to move all three linear modules of the Cartesian stage along a predefined path 
and the third involves moving the end effector position in small increments within a defined plane. 
All these control modalities have been implemented in the system software. 
141 
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Figure 6.1: Block diagram showing the components involved in the joint position control process 
for each 1 DOF linear stage 
6.2.1 Joint Control 
Section 4.4.2 of Chapter 4 described the implementation of joint position control for each of the 1 
DOF linear stages using an on-off controller, ensuring position accuracy to within 0.04 ± 0.014mm 
(p<0.05). As the robot is formed by a combination of these stages, the same joint control algorithm 
has been applied to each of the three linear axes that form the Cartesian stage. Figure 6.1 presents 
a block diagram of the joint control algorithm presented in Chapter 4. The same controller has 
been used to actuate the needle insertion axis, which is based on the same technology as the linear 
modular stages, a PiezoLegs motor and an optical encoder. 
6.2.2 Trajectory Control 
The force speed curve of a linear stage was presented in Section 4.4.2 of Chapter 4, and showed 
that the speed of each linear axis was highly dependent on the load it was subject to. This 
means that a loaded axis can lag behind the others and will reach its desired position much later. 
This is especially the case for the vertical Y axis which is loaded with the gravitational forces 
of the probe and needle insertion and firing axes, and moves slower than the X and Z axis of 
the Cartesian stage. In order to make all three axes of the Cartesian stage arrive to their target 
position at approximately the same time (providing a smoother motion of the probe in the rectum), 
a trajectory control algorithm has been developed that will take all three axes from their initial 
position to the final target position simultaneously. When a desired position r , , and ry is 
calculated for all three of the Cartesian joints, their current position r^z, rox and Toy is measured 
(from the encoder readings) and a linear path is calculated between the two and discretised into 
N points, so that a position i along the path is defined as, 
r^i = roz + ( « - ! ) • (6.1) 
Txi = Tox + (% - 1) - i = ^--N 
U V - 1 ) 
Toy 4- (* — 1) {ry i = l..iV 
(6.2) 
(6.3) 
O V - 1 ) 
A block diagram of the trajectory control algorithm is presented in Figure 6.2. After the inverse 
kinematics calculates the target joint positions, a trajectory is generated as indicated by equations 
6.1, 6.2 and 6.3 and the intermediate calculated reference points along the path are stored in an 
Nx3 array. Initially the variable i (which references a row inside the generated trajectory array) 
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Figure 6.2: Block diagram of trajectory control of the prostate biopsy robot ensuring that all axes 
arrive at the end point approximately at the same time 
is equal to 1, and the reference positions in row i for each axis are passed to the joint control 
algorithm. The variable i does not increase until all the joints have reached their reference value, 
after which i increases a single unit. This process is repeated until the the final position of the 
axes (the Nth point) is reached. In this way all axes will reach their final position at the same time 
independent of the load that they are subject to. 
Figure 6.3(a) shows the 3 Cartesian stages moving along a generated trajectory. The reference 
position is updated on each axis only when all axes have reached their desired position. The 
position of the X axis shows a stepped pattern as it is the first to reach its reference position and 
must wait stationary for the other axes to arrive. The Z axis is almost linear as it is the axis that 
takes longest to reach its desired position (it is the axis which must move the largest distance) and 
as soon as it reaches its reference position the next value on the trajectory is inserted into the joint 
control algorithm. Finally the Y axis is also stepped as it must wait for the Z axis to reach its 
reference position. A close up of the Y axis trajectory is displayed in Figure 6.3(b) showing that a 
small error and delay is present in the joint position control algorithm. The error was previously 
quantified as being on average 0.04mm and the delay is around 47ms, which is the controller loop 
time run on the real-time processor of the Compact Rio. 
6.2.3 In-Plane Motion 
Another mode of control is that of motion of the end effector within a specified plane. When 
the fiducial tracking algorithm was discussed in Section 5.9 of Chapter 5, three planes around 
the endorectal probe were defined as displayed in Figure 6.4. The first was called the sagittal 
plane, and was oriented as a sagittal to transverse plane in the scanner which contained both the 
needle and the 2 fiducials. The second plane was called the fiducial plane, and was defined as 
perpendicular to the previously defined sagittal plane with a coronal to transverse orientation in 
the scanner and which includes the 2 fiducials. The third plane was the needle plane, and included 
the needle but not the fiducials. In-plane motion control allows the user to move the end eff'ector 
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Figure 6.3: (a) Path followed by each of the three Cartesian stages in order to synchronise the 
axes, and (b) close up of Y axis trajectory 
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Figure 6.4: Endorectal probe showing the relative orientation of the three selected imaging planes. 
The fiducial and sagittal planes are used as tracking slices, where as the needle plane is an optional 
image plane which includes the needle trajectory and target. 
in small increments within the sagittal plane and the needle plane, and along the needle axis. 
There are three possible motions permitted with in-plane motion control. The first consists of 
moving the end effector position laterally in the defined sagittal plane. In order to do so the current 
target position is obtained (from the encoders and the forward kinematics) and through simple 
geometry a new target point which is at a lateral distance h included in the sagittal plane is 
calculated and used as an input for the inverse kinematics, which will yield the joint coordinates 
required to reach the new target point. Figure 6.5(a) shows an image of the sagittal plane with 
the current target point, the anus and the new target point, all separated by an angle p. In order 
to calculate the new target point the user defines an angle /? and the lateral distance h is 
calculated as, 
h = LAG-s\np (6.4) 
where L^^G is the norm of the vector ^TAG TG TA- An approximation has been taken 
supposing the triangle is right angled which is valid for small values of /3. The new target point is 
then calculated as, 
h 
(6.5) 
where the sign of the distance h depends on which direction the end effector should be moved, 
which is user defined. 
The second possible in-plane motion is a vertical displacement in the needle plane. Operating 
in an identical fashion as with the lateral motion of the end effector in the sagittal plane, the new 
target for vertical motion in the needle plane can be calculated as 
% ' r G ± 
0 
LAG • sin 7 
0 
(6.6) 
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where 7 is the angle of motion as defined by the user. 
The third possible in-plane motion is to move the end effector position forward or backwaid in 
the plane along the needle axis (this motion occurs at the intersection axis between the sagittal 
plane and needle plane and is thus contained in both planes). This motion is to be implemented 
moving only the joint variables of the Cartesian stage (not using the needle insertion axis). Figure 
6.5(b) shows the needle plane and how to obtain by geometry the new target point. Taking the 
current target position and needle tip position , a unit vector n defining the needle axis 
can be obtained as, 
_ {^TT - ^rc) 
norm — ^rc) 
and the new target point calculated as, 
(6.7) 
S„' 
= TG ±h-n (6.8) 
where h and the direction of motion is user defined. 
(a) (b) 
Sagittal plane Needle plane 
Figure 6.5; In plane motion kinematics allows the user to move the needle tip in small increments 
inside the sagittal or needle plane. Geometry to calculate the approximate (a) lateral motion in 
the sagittal plane and (b) translation along the needle axis. 
6.2.4 Needle Insertion and Firing 
The needle insertion axis and needle firing axis are not actuated until the three Cartesian stages 
are at their end position. Once the probe is positioned as required, the user activates a needle firing 
button which first moves the needle insertion axis to its desired point. Once it is correctly inserted, 
a solenoid valve in the control box is activated allowing air to fiow to the cylinder of the needle 
firing stage. The air pushes the piston which in turn drives the handle of the biopsy needle which 
is fired, storing a sample of tissue in the specimen notch. Swiftly after needle firing, the needle 
insertion axis retracts to its initial position removing the needle from the prostate. The scanner 
table is then moved out of the scanner bore, and the needle taken from the robot to remove and 
store the cells for pathological examination. Figure 6.6 shows the complete motion of the robot 
axes. The graph shows how first of all the 3 Cartesian stages are moved, after which the needle is 
inserted, fired and then retracted from the prostate. This method allows introducing, firing and 
extracting the needle very quickly, which is the most painful part of the procedure. 
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Figure 6.6: Complete motion of the prostate robot: probe positioning by the Cartesian stage, 
followed by needle insertion, firing and retraction. 
6.3 MR Compatibility Tests 
The artifacts produced by the principal components of the robotic system (i.e. encoder, structural 
materials and piezoceramic motors) have previously been analysed in Section 4.5 of Chapter 4. 
The location of these components on the manipulator have been designed so that the small artifact 
they produce will not affect the imaged region of interest. SNR tests were performed to quantify 
any additional EM noise introduced into the MR images due to the presence of the system inside 
the scanner bore. Scans were taken under the following conditions: (i) a cylindrical phantom filled 
with a CuSOi doped solution present in the scanner isocentre, (ii) the robot placed next to the 
phantom and 1 axis actuated, (iii) 2 axes actuated, (iv) 3 axes actuated and (v) all axes actuated. 
In each case a gradient echo and a spin echo scan was taken, with the sequence characteristics 
presented in Table 6.1 using the body coil of a 1.5T Siemens Avanto. The average SNR over all 
the slices was computed using equation 4.4 of Chapter 4. The results of these tests are presented 
in Figure 6.7, which show that the maximum SNR degradation produced by the presence of the 
system when actuated is of 8.8%, which is small enough to be acceptable for this application. Hence 
it is concluded that the system is considered MR compatible under the specified test conditions, 
ensuring it does not compromise the diagnostic capabilities of the MR images. The complete results 
of these tests are in Appendix C. 
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Sequence TWTE (ms) 
No. 
Slices 
Slice 
Thiclcness 
(mm) 
Slice 
Spacing 
(mm) 
Matrix 
Size 
Flip Angle 
n 
FOV 
(mm) 
TruFISP 6.46/3.05 9 5 5 256x256 80 230 
TSE 2000/85 9 5 5 256x256 - 300 
Table 6.1: Spin echo and gradient echo sequence characteristics for SNR testing with the prostate 
biopsy robotic system 
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Figure 6.7: SNR tests performed with the system introduced in the scanner isocentre with its axes 
actuated. The largest degradation in SNR of 8.8% was produced when the system was actuated 
with 3 axes and imaged with a TSE sequence. 
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6.4 End Effector Accuracy: Lab Tests 
Once the kinematic model of the robot has been developed along with the necessary controllers to 
position the robot axes correctly, tests need to be performed to evaluate the real end effector accu-
racy of the system. This section focuses on needle placement accuracy tests that were performed 
in the laboratory environment to validate the kinematic model of the system. 
6.4.1 Test Method 
The robot was set-up and fixed onto a laboratory surface as displayed in Figure 6.8(a). The anus 
pivot point was simulated by using a plastic spherical bearing as shown in Figure 6.8(b) which 
provides rotation around its centre point. A Microscribe tracking arm (Microscribe G2, Immersion 
Corporation, CA, USA) was located close to the robot and clamped down so its base position 
{M} was fixed. The tracking arm will be used to measure the coordinates of the needle tip with 
respect to {M} when needle positioning and firing is complete. The robot was set-up so that 
the spherical bearing was located at approximately 100mm from the probe base. The robot was 
clamped down in order to fix its base position {0} and a registration process was performed between 
the Microscribe tracking arm base reference frame and the robot base reference frame. In order 
to do so, 4 points on the robot base were measured in both reference frames and the registration 
algorithm explained in Section 5.8 of Chapter 5 was run in order to obtain the transformation 
matrix between frames . The error due to the registration process for the four fiducials was 
0.69mm, and was calculated using equation 5.47 of Chapter 5. The complete data set of results 
produced during this experiment are presented in Appendix B. 
Once the registration process was completed, the MicroScribe was used to obtain the coordinates 
of the centre of the anus pivot point ^ t a , which was transformed into the robot base frame by, 
(6.9) 
and input into the system software. The MicroScribe was then used to select a target point 
for the needle tip inside the robot workspace, and after transformation into the robot space, the 
inverse kinematics algorithm was used to calculate the joint values required to reach the point. 
Once the robot had moved to its final position and fired the needle, the needle tip location was 
measured with the MicroScribe tip and the RMS error calculated as. 
e = + {^roz - ( 6 . 1 0 ) 
This process was repeated 30 times in order to apply the Central Limit theorem [Montgomery, 2002] 
and to calculate the average error within a 95% confidence interval. 
6.4.2 Results 
Table 6.2 displays the results of each of the 30 tests performed. The first column of the table 
indicates the desired target point for the needle tip, the second column expresses the joint values 
calculated by the inverse kinematics and the third column is the measured needle tip position as 
indicated by the MicroScribe tracking arm. The calculated average error for all the tests is of 
2.1 ± 0.24mm (p<0.05) which is within the system specifications. 
The measured error can be attributed to the following causes: 
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Figure 6.8: (a) Robot set-up to evaluate the needle placement accuracy of the robot system, (b) 
detailed view of spherical bearing used as anus pivot point and (c) robot and AiicroScribe arm to 
measure needle tip accuracy 
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Target Needle Tip (mm) Joint Values (mm) Measured Needle Tip (mm) 
Error (mm) 
X Y 2 d1 d2 d3 d4 X Y Z 
354.9 87.0 186.9 60.0 40.0 40.2 37,2 356.5 89.3 187.5 2,8 
352.0 122.6 181.8 48.7 43.7 51.3 12,0 353.3 125.2 182.4 2,9 
365.2 118.5 195.3 73,1 29,0 32.0 3,7 365.8 119,8 196,6 1,9 
362.0 113.8 204.5 69,9 31,7 22.6 10,1 363,9 115,9 204,6 2,8 
327.4 108.4 165,0 47,2 72.1 67.9 33,7 329,1 109.5 166.0 2,2 
336.7 101.6 158.7 47.2 57.8 72.7 44.2 338,9 102.4 160,7 3,1 
368.9 100,4 208.6 58.6 23.4 18.5 40.4 370.1 101.4 209.9 2.1 
364.1 131.0 188.9 62.2 23.5 40.0 2.7 364.8 134.0 190.1 3.2 
359.8 118.0 168.5 52.5 31.8 68.7 27.6 361.0 117.1 168.1 1.6 
348.0 131.5 200.1 28.0 54.2 17.2 10,4 348.8 131.6 201.4 1.5 
358.2 106.6 203.4 48.0 34,2 21.1 34,0 358.9 107.0 204.1 1.0 
325.8 107,7 169.6 36.9 75,1 66.1 40,3 327.0 108.9 169,6 1.7 
346.7 110.1 198.1 39,9 49.8 26.6 29.5 348.0 111.6 198.9 2.1 
370.2 114.0 191,0 61,2 18,7 36.5 25.0 371.2 115.3 192.6 2.4 
348.9 124.6 188.4 40,1 49.8 41.4 13.9 349.9 126.2 189.2 2.1 
362.6 136.4 179.4 56,6 24.0 60.1 6.1 363.3 135.9 179.3 0.9 
339.9 127.9 191.0 34,1 67.9 36.9 12,9 340.8 130.0 191.4 2.3 
344.6 107.7 181.5 39,1 51.9 49.8 32.9 345.6 108.6 182,3 1.6 
353.6 138.2 180.5 44,4 43.7 61.8 3,2 353.8 138.4 181,3 0.8 
355.3 112.9 216,9 50,0 38.7 1.9 32.5 355.8 113.3 218,9 2.1 
336.1 113.8 179,2 39.8 65.9 54.2 25.0 337.6 116.0 180,4 2.9 
353.3 100.7 170.9 68,0 43.8 53.7 19.2 353,1 102.5 172,6 2.5 
341.6 103.7 187.8 37.9 54.8 41.0 36.0 342,9 105.3 188.3 2.1 
330.4 120.5 165.6 41.9 77.2 76.5 29.0 331,2 122.0 167.9 2.8 
325.8 91,4 198.0 73.0 61.0 31.9 12.6 325,6 93,0 198.5 1.7 
375.6 104,2 220.6 78.4 21.4 10.3 31.6 376,3 106.3 220.6 2.2 
358.8 120,4 187.7 53.8 36,2 42.1 13,4 358.3 121.7 188.7 1.7 
340.8 134,2 179.8 36.3 72,0 62.4 8,9 341.4 136.3 180,4 2,2 
348.4 100.2 204.6 39.1 46,0 19.7 43.4 348.1 98.4 206,2 2.4 
353.9 108.8 162.7 58.2 41.0 71.0 31.8 354.7 109.7 162.1 1.3 
Table 6.2; Results of the end effector accuracy test performed under laboratory conditions 
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• Registration Error: a total error of 0.69mm over the four fiducials was calculated during 
the registration process, which gives an average error per fiducial of approximately 0.17mm, 
which will affect the measured accuracy. 
• MicroScribe Accuracy: the tracking arm used has a maximum error value of 0.38mm when 
taking coordinate measurements. This error will affect the measured needle tip position and 
anus pivot point measurement. 
• Robot Mechanism backlash: the robot mechanism presents some backlash and compli-
ance between joints which will produce inaccuracies in the needle tip position. 
• Control algorithm: the joint control algorithm presented an expected error of 0.04 ± 
0.014mm (p<0.05) which will also affect the needle tip position. 
• Inverse kinematics algorithm: the joint values are calculated using the inverse kinematics 
algorithm which presented an error of 0.1644±0.0065mm (p<0.05). In practice however due 
to small divergences between the kinematic model and the real robot (i.e. geometric length 
of the links, backlash etc.) the real error due to the inverse kinematics will be somewhat 
amplified. 
Although there are several sources of error, the needle tip placement is within the system speci-
fications. However it should be considered that the pivot point used in the experiment is a rigid 
spherical bearing, and that in reality the anus is not so clearly defined. The anus will be a flexible 
structure meaning that it will not he a single fixed point in space. This will surely have a large 
infiuence in the position accuracy of the needle end-effector, which can be expected to be much 
larger than the error reported in this test. The calculated error for the system in this test is 
already close to the maximum error defined in the system specifications of ±3mm, and hence it 
can be expected that with a fiexible pivot point such as the anus, the error may easily overcome 
the maximum specified value. It can thus be concluded that relying exclusively on the kinematics of 
the system is not sufficient to ensure needle accuracy to within the specified value. The real-time 
images from the MRI scanner and the developed fiducial tracking algorithm will have to provide 
more accurate needle positioning in order to assure the specified accuracy. 
6.5 Phantom Trials in MRI Scanner 
In order to test the robotic system combined with the fiducial tracking algorithm inside an MRI 
scanner, a phantom was built which included a flexible anus pivot point (made out of silicone). The 
phantom also contained a prostate shaped gland made from a hard silicone gel. As the prostate 
gland does not produce much signal in the scanner, a 10mm thick layer of vinyl plastisol gel 
material was placed over it which produces high signal in contrast to the needle tip. This layer 
of material will act like the peripheral zone of the prostate gland (which is where over 99% of 
tumours are located [Ame, 2005]) and will allow the measurement of the needle tip position on the 
scanner image. The phantom with and without the gel can be seen in Figure 6.9. A target point 
within the vinyl plastisol gel will be selected and the robot will be used to direct the needle to the 
desired position. Two biopsy strategies will be used: (i) biopsy using only the robot kinematics to 
calculate the joint values to hit the selected target, and (ii) biopsy using robot kinematics to gross 
position the needle with error compensation using feedbaxic from the fiducial tracking algorithm. 
The results of both set of tests will be evaluated and discussed in this section. 
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Figure 6.9: Prostate phantom used to evaluate accuracy of the robotic system both with and 
without vinyl plastisol gel covering the mock prostate 
6.5.1 Test Method 
In order to execute the phantom tests the following steps were carried out in a 1.5T Siemens Avanto 
scanner at Charing Cross Hospital, London, UK. 
1. Robot hardware set-up: the robot hardware was set-up on the scanner table. The robot 
was mounted onto a base plate which includes lateral flaps which can insert into the grooves 
on the side of the scanner table for immobilisation. The phantom was also rigidly attached 
to the base plate on the scanner table. The endorectal probe is then inserted through the 
anus into the phantom rectum and its distal end attached to the robot gimbal. The robot 
is then clamped and introduced into the scanner isocentre. Figure 6.10 shows the hardware 
set-up for the phantom tests inside the MRI scanner, showing the control console located 
close to the entrance of the scanner bore. 
2. Robot-scanner registration: registration is performed by scanning the passive fiducial 
markers embedded in the base of the robot. To extract the 3D coordinate values of the 
fiducials a special protocol based on the fiducial tracking algorithm (described in Section 5.9 
of Chapter 5) was developed to extract the coordinates of the fiducials from two orthogonal 
images taken. These coordinates were then introduced into the system software and the 
transformation matrix Tg obtained, following the algorithm explained in Section 5.8. 
3. Anus localisation: images are taken of the prostate phantom and the approximate coordi-
nates of the anus pivot point, are measured on the scanner console and inserted in the 
system software, where they are converted into the robot base frame, The coordinates 
of the anus pivot point are required in order to solve the kinematics. In order for the anus 
to be clearly visible in the prostate phantom a small ring of the vinyl plastisol gel was glued 
to the silicon anus making its centre clearly visible on the MR images. 
4. Target selection: a series of scans are taken to image the phantom prostate and a biopsy 
target point, ^rc , is selected within the thick layer of vinyl plastisol gel. This target point is 
introduced into the software where it is converted into the robot base frame, "re- For these 
tests the target position ^rQ corresponds to the desired position of the needle tip rather than 
the centre of the biopsy notch. This is due to the needle tip being easier to measure on the 
MR images that the centre of the biopsy notch. 
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5. Fiducial slice positioning; before being able to run the fiducial tracking protocol on the 
scanner, a sagittal to transverse plane needs to be manually positioned so that it contains the 
two fiducials embedded in the head of the probe and the needle. This will be the sagittal plane 
as defined in Figure 6.4. Another plane must also be manually positioned, perpendicular to 
the previous one and which contains just the two fiducials. This plane will be coronal to 
transverse and will be the fiducial plane as defined in Figure 6.4. 
6. Scan plane tracking: the fiducial tracking algorithm commences which extracts the 3D 
fiducial positions from the current image planes and calculates the position of new scan planes 
which are centered on the fiducials. At the same time a graphical overlay is superimposed 
on the MR images at the host computer which show the hypothetical position of the needle 
end effector if it were fired, with respect to the embedded fiducials. As the robot moves the 
tracking algorithm can keep the scan planes aligned at all times with the fiducials, as well as 
update the end effector final position. 
The tests differ slightly from this point onwards depending on the biopsy strategy used to position 
the needle in the phantom prostate. 
Biopsy Using Robot Kinematics 
In this case a biopsy will be performed relying exclusively on the robot kinematics. The target 
position ^TG selected in the vinyl gel is now converted by the inverse kinematics into joint positions 
of the axes. The axes are then moved to the calculated joint values using trajectory control as 
described in Section 6.2 and the needle is inserted into the vinyl gel and fired. In this case the 
needle is not retracted, and the needle tip position is measured on the scanner image using 
the scanner console on the host computer. The RMS error is then calculated as, 
2 (6.11) e=^ {Srcx - + {^roy - + {^roz -
This test is repeated five times for different target positions. 
Biopsy Us ing Robot Kinematics and Fiducial Tracking 
In this case, the biopsy is performed using the robot kinematics as gross positioning and then using 
the fiducial tracking algorithm to validate that the end effector position is properly aligned with 
the specified target position. As before, the target position is converted into joint positions of 
the robot, which are then moved using trajectory control. The tracking algorithm keeps the scan 
planes aligned with the fiducials but also displays where the end effector position would be located 
if the needle were to be inserted and fired. The end effector position as indicated by the tracking 
algorithm is observed and checked against the initial desired target by the practitioner. If there 
is an error then it can be corrected using the in-plane motion control described in Section 6.2.3. 
Small increments in lateral and vertical motion can be performed along the sagittal and needle 
plane respectively, as well as translations along the needle axis in order ,to align the needle tip to 
the desired target. These in-plane motions can be used to move the robot until the end effector 
position indicated by the tracking algorithm approximately coincides with the initial target position 
^rc- The needle is then inserted and fired and the needle tip position measured on the scanner 
image The RMS error is calculated using equation 6.11. 
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(a) 
(b) 
Figure 6.10. Set-up of phantom trials inside scanner room showing (a) prostate robot with phantom 
mounted on scanner table and (b) touch screen controller on an MRI compatible trolley at 2m from 
the bore 
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6.5.2 Results 
Biopsy Using Robot Kinematics 
In Table 6.3 the results for performing a biopsy on the phantom prostate relying exclusively on the 
system kinematics is presented. The test was performed a total of 5 times, with the time taken 
for each procedure documented in the table and ranging from just over 6 minutes to just under 9 
minutes. The time is measured from the moment that a target is selected to when the needle is 
fired. The first column indicates the desired target position ^ ro and the second column indicates 
the measured position of the needle tip in the MR image, ^T'Q. The errors vary from a minimum 
of 6.5mm to a maximum of 12.2mm, which is much higher than the ±3mm stated in the system 
specifications. An MR image showing the needle inside the vinyl plastisol gel is shown in Figure 
6.11. 
The sources of error in this procedure can be attributed to; 
• Registration error: a total error of 4.84mm over the four fiducials was calculated during 
the registration process, which gives an average error per fiducial of approximately 1.21mm. 
• Robot backlash, kinematics and control: the robot system presents some backlash and 
compliance between joints which will produce inaccuracies in the needle tip position. In 
addition the geometric values of the link lengths which were used in the kinematics software 
may deviate slightly firom the real values, as it is impossible to measure distances exactly. Also 
the joint position control algorithm presents an average error of 0.04 ± 0.014mm (p<0.05). 
» Flexible anus: the anus pivot point on the phantom is flexible and hence simulates much 
better the real behaviour of the anal sphincter in the body which deviates from being a fixed 
point in space as supposed by the kinematics. 
• Needle deflection in tissue; as the needle is inserted into the tissue (in this case the vinyl 
gel) it is subject to forces which can cause the needle to deflect. 
• Needle t ip measurement: once the needle is flred into the vinyl gel the needle tip position 
was measured at the scanner console on the host computer. However the exact coordinates of 
the needle tip are not easy to measure as the material from which the biopsy needle is made 
of causes a slight artifact around its tip (see Figure 6.11). Therefore only an approximate 
measurement of the needle tip can be obtained from the scanner image which will affect the 
error reading. 
The results thus reconfirm our conclusion that performing a biopsy relying exclusively on the robot 
kinematics is not suitable. 
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Phantom Trials Kinematics 
Target Position (mm) Measured Position (mm) 
Error (mm) Time 
X Y Z X Y Z 
-88.1 -90.7 34.6 -90 -84 29 8.94 6M36S 
-80.2 -79.8 20.9 -84 -83 10 11.98 8M22 
-73.4 -68.5 15.3 -85 -72 14 12.19 8M40s 
-79.3 -102.3 26 -74 -106 25 6.54 7M07S 
-70,5 -117.9 21.2 -73 -108 17 11.04 8M02S 
Table 6.3; Error measurements using only the robot kinematics to fire a biopsy needle into a 
predefined target 
(a) (b) 
Needle 
Artifact 
Needle 
Artifact 
Sagittal Plane Needle Plane 
Figure 6.11: MR image showing needle tip inserted into the vinyl plastisol gel relying exclusively 
on the robot kinematics in (a) sagittal plane and (b) needle plane. The needle produces a small 
artifact at its tip which introduces a small error when measuring its precise position. The image 
taken is a FLASH (TR = 9.1ms, TE = 4.8ms, flip angle = 30°, slice thickness = 5mm, 128x128 
matrix) gradient sequence. 
Biopsy Using Robot Kinematics and Fiducial Tracking 
In Table 6.4 the results for performing a biopsy on the phantom prostate are presented, relying on 
the system kinematics for gross positioning combined with in plane motion and fiducial tracking 
for error compensation. The test was repeated on 5 occasions, with times varying from a minimum 
of 4 and a half minutes to over 24 minutes. The 24 minute biopsy was part of the learning curve for 
the in-plane motion compensation and was quickly shortened. As expected, in most cases the time 
indicated is slightly longer than the biopsy relying only on the kinematics, as it requires moving 
the end effector position to align it with the real selected target, after the axes have been moved as 
dictated by the kinematics. The first column indicates the desired target position the second 
column indicates the position of the needle tip as specified by the fiducial tracking after positioning 
with the kinematics was completed and the third column shows the needle tip position in the MR 
image once the in-plane motion compensation was performed and the needle fired, The errors 
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Phantom Trials Kinematics 
Target Position (mm) Position Kinematics (mm) Measured Position (mm) 
Error (mm) Time 
X Y Z X Y Z X Y Z 
-80 .2 -72 21 ,8 -83 ,2 -74 ,3 13,7 -82 - 7 2 21 1.97 24M33S 
-75 .3 -72 .9 11,4 -84 -83 10 -77 -74 10 2 .46 9M05 
-77 .4 -85 .4 10,7 -85 -72 14 -80 -85 10 2 ,72 10M36S 
-83 .7 -85 .5 28 ,2 -74 -106 25 -83 -85 2 6 2 ,36 12M01S 
-84 .8 -88 .9 25,2 -73 -108 17 -87 -89 25 2,21 4M30S 
Table 6.4: Error measurements using robot kinematics as a gross positioner for the needle and then 
compensating the observed error from the fiducial tracking images with in-plane motion control 
vary from a minimum of 1.97mm to a maximum of 2.72mm which is within target accuracy stated 
in the system specifications. 
The sources of error for this procedure are the same as in the case of performing the biopsy 
relying only on the robot kinematics, except that the error due to having a flexible anus pivot point 
can be compensated by using in-plane motion and the end effector position information from the 
fiducial tracking algorithm. These results confirm that this is the ideal biopsy method to use. 
6.6 Clinical Trial with a Patient 
In order to test the functionality of the prostate biopsy device, a preliminary clinical trial was 
performed on a patient. The trial involved using the robot to move the endorectal probe to 
align the needle to a given target in the prostate, but in this first experiment, the needle was 
not actually fired. The patient recruited had a rising PSA value, but two consecutive TRUS 
guided sextant biopsies had given negative results. The next recommended procedure was to be 
a TRUS guided saturation biopsy, which involves talcing several biopsies from the prostate (up to 
25 samples) under general anaesthetic in order to increase the probability of cancer detection. 
However a targeted biopsy under MR guidance could reduce the necessity of having such an 
invasive procedure performed, which made the patient ideal for intervention using our robotic 
system. Informed consent was given by the patient to have the trial performed, and it took place 
at the Royal Marsden Hospital in Sutton, Surrey, UK. 
6.6.1 Trial Procedure 
The procedure followed for the mock prostate biopsy can be summarised as follows; 
1. Preoperative high resolution scans were taken from the patient in the supine position using 
an endorectal balloon coil (Medrad Inc.) in a 1.5T Siemens Avanto scanner. From these 
preoperative images a suspicious lesion was located at the prostate peripheral zone, and is 
shown in Figure 6.12. The location of the suspicious lesion was noted and the endorectal coil 
was retrieved. 
2. The patient was then taken off the scanner table and the robot was set-up and made ready 
for use. 
3. The patient was re-located onto the scanner bed in the left lateral decubitus position, and 
the probe (with a condom) was inserted into the rectum of the patient and then connected to 
the gimbal of the robot. The patient and the robot were then introduced into the isocentre 
of the scanner. 
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Figure 6.12: Prostate imaged using an endorectal balloon coil from MedRad, showing area targeted 
for the mock biopsy 
4. Registration of the robot in the scanner was then performed by obtaining the coordinates of 
the fiducials in the scanner frame of reference and inserting them into the system software. 
5. Images were taken of the prostate using the endorectal coil of the probe and the approximate 
coordinates of the anus were obtained. In addition the coordinates of the biopsy target were 
selected on these images and inserted into the system software. 
6. The inverse kinematics of the robotic system calculated the joint positions of the robot and 
moved the robot to the calculated reference positions, while the probe fiducials were tracked 
with the scanner. 
7. Once the robot had stopped moving, in-plane motion of the probe was executed until the 
needle tip, as indicated by the tracking algorithm graphical overlay, was aligned with the 
target position. As the needle was not fired in this trial, the mock biopsy stopped here, just 
before the needle insertion and firing is activated. 
6.6.2 Results of Clinical Trials 
The mock biopsy was performed successfully. Table 6.5 indicates the time taken for each of the 
main steps of the procedure. Given that this was the first trial performed with a real patient, 
each task of the procedure was done very slowly, and it is expected that the procedure time can 
be greatly reduced as more trials are done. The set-up of both the robot and the patient on the 
scanner table took 21 minutes, the longest amount of time of all the tasks. A large part of this 
time was to place the patient comfortably and to position the robot next to the anus. Registration 
took only 4 minutes, which is a relatively short time. The arms and target localisation requires 
higher resolution scans and thus takes 10 minutes. Finally robot motion was done in 6 minutes, 
although in reality most of this time was used to position the imaging planes around the fiducials 
before starting the scan plane tracking algorithm. 
Figure 6.13 shows the MR image planes from the fiducial tracking algorithm as the robot moves 
the probe towards the target point. The images are taken with a 2 ° flip angle, so only the fiducials 
are visible as bright dots. From the fiducial positions (represented with a blue and red square) the 
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Task Performed Time (min) 
Set-up of robot and patient 21 
Scanner - Robot Registration 4 
Anus and Biopsy Target Localisation 10 
Move Robot to Target 6 
Total 41 
Table 6.5: Time taken for each of the main tasks performed during the mock biopsy procedure 
needle tip location when it is fired is calculated, with the biopsy specimen notch represented as a 
yellow box. The user must align the yellow square with the yellow cross hair, which represents the 
target position. The target point selected was ^ r c = - 9 3 134 6 j expressed in the scanner 
coordinate frame and the needle tip position at the end of the procedure as calculated by the 
fiducial tracking algorithm was - 9 4 135 7 j , which gives an RMS error of 1.7mm. As 
the actual biopsy was not taken, it was not possible to measure the actual position of the needle 
tip with respect to the target position. 
After the procedure the patient was consulted and asked to give feedback about the process. 
The patient did not feel any discomfort due to the probe, both when it was stationary and in 
motion. He did report some discomfort however due to the decubitus posture for the period of 40 
minutes. 
6.7 Conclusions 
The prostate biopsy robot presented in Chapter 5 has been tested in several ways in order to 
evaluate the accuracy of the end effector positioning. Needle placement accuracy tests were first 
performed under laboratory conditions, where a rigid plastic pivot point was used to simulate an 
anus. The accuracy of the needle tip placement was 2.1 ± 0.24mm (p<0.05) which is within the 
value specified in the system requirements. However, questions were raised as to the whether the 
system would be accurate in the case of a real anal sphincter which is more flexible and mobile, 
introducing a large error into the kinematics algorithm which supposes it to be a fixed point. 
In order to recreate a more realistic environment a phantom was built using a pivot point made 
of silicon and needle accuracy was re-evaluated in the MR scanner. As suspected, error values 
increased to unacceptable levels (from 6.5 - 12.2mm), proving that precise targeting of a lesion 
in the prostate was not feasible when relying exclusively on the robot kinematics for positioning. 
However in Chapter 5 a method using image processing of scanner images to locate fiducial markers 
in the probe head was described and could be used as a more accurate method of end effector 
positioning. When needle accuracy tests were repeated using both the robot kinematics as gross 
positioning of the needle and then the information from the fiducicJ tracking algorithm to fine 
position the needle at the lesion using the in-plane motion control, then the error ranged from 
1.97-2.72mm, which is less than the required ±3mm. These tests proved the functionality of the 
device and made it apt for clinical trials in a patient. 
A mock biopsy was then performed on a single patient, that is, the biopsy procedure was 
executed in all its steps except that of needle firing. The results were very satisfactory with the 
entire procedure being performed in just over 40 minutes and a theoretical target accuracy of under 
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2mm, which is well within the system specifications. The patient did not report much discomfort 
due to the robot or the probe, even when in motion. 
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(a) (b) (c) 
Figure 6.13: (a) - (f) MR images showing the fiducial tracking algorithm as the needle tip approx-
imates the target point. The red and blue boxes detect the fiducial markers, while the yellow box 
indicates the centre of the specimen notch of the biopsy needle, which needs to align with the yel-
low cross hair, which indicates the target position. The image sequence is a gradient echo FLASH 
2D (TR/TE=9.2/4.8ms, slice thickness 5mm, flip angle—2°, matrix size 128x128). (g) Higher flip 
angle sagittal image showing the surrounding anatomy and projected needle end effector location 
(TSE sequence, TR/TE=5500/108ms, 512x512 matrix size, 3mm slice thickness, body coil) 
Chapter 7 
Magic Angle Limb Positioning 
System 
7.1 Introduction 
The "magic angle" effect consists of the large increases in T2 relaxation times observed when 
tissue such as tendons or cartilage are oriented at 55° with respect to the main field BQ of the 
scanner. This effect can provide useful information when diagnosing certain tendinous disease 
[Oatridge et al., 2001]. However, positioning a target tissue at a specific orientation inside the 
confined environment of a closed bore scanner is not always a simple task. A MR compatible 
device capable of moving the desired anatomy to a specific orientation inside the scanner bore 
can facilitate magic angle related experiments done with live subjects. This has the potential to 
assist the diagnostic process and foment further research of the effect. It would make the process 
quicker, more reliable and would allow the positioning of the tissue to be modified remotely from 
the control room without table retraction and patient repositioning. In this chapter the magic 
angle effect is described in some detail along with its potential benefits in diagnosis. The system 
specifications and requirements axe given, followed by a description of the mechanical design of the 
manipulator and the system hardware. The kinematics that govern the motion for the system are 
also developed, allowing optimal positioning of the Achilles tendon inside the scanner bore. 
7.2 Magic Angle Effect 
Current available times to Echo (TE) on conventional MRI clinical scanners are in the order 
of a few milliseconds, which generally means that tissues with low T2-relaxation times produce 
little signal intensity on the image, appearing as a dark void in contrast to neighbouring anatomy 
[Erickson et al., 1993]. This is the case for normal tendons and cartilage in the body (i.e. the 
Achilles tendon, see Figure 7.2(a)) which are formed by dense collagen in highly ordered structures. 
As a result of this structure their water protons have very restricted mobility, greatly enhancing 
spin-spin interactions between protons [Sadro and Daiinka, 2000]. This produces T2-relaxation 
times in the order of microseconds, leading to a rapid loss of signal directly after excitation and 
causing a reduction of the signal intensity at the structure in the MR image [Erickson et al., 1991, 
Andrew et al., 1970, Andrew, 1981]. 
The dipole interaction between two spins can be simply modelled like the interaction between 
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Figure 7.1: (a) Diagram showing dipolar interaction modelled as two current loops, and (b) the 
dipolar interaction scaling factor plotted against orientation, showing a zero value at approximately 
55 degrees. 
two current loops [Erickson et al., 1993], as shown in Figure 7.1(a). It is assumed that the current 
loops are aligned in the direction of the main field (z axis) as the dipoles are in the scanner. The 
Z-component of the field Bz created by dipole 1 on dipole 2 can be shown to be proportional to a 
factor of, 
Bz a 3 • cos^ 0 - 1 (7.1) 
as derived in [Erickson et al., 1993], where 0 is the angle between the the direction of the main 
magnetic field BQ and the internuclear vector between dipoles, that is, the direction along which 
the spins are coupled in the structure in which they are held, for example a tendon. This dipolar 
interaction, which tends to reduce the signal intensity, becomes zero when 0 = 55.4° as shown 
in Figure 7.1(b). This value is generally approximated to 55 degrees, and termed the "magic 
angle" [Erickson et al., 1993], and the phenomenon of increased signal intensity at the magic angle 
has been coined the "magic angle effect" [Xia, 2000]. It is therefore important to consider the 
orientation of tissue with respect to the main field when observing increased signal intensity in 
tendons. 
At the magic angle, T2-relaxation times can increase about 100 fold [Erickson et al., 1993], 
resulting in the signal of the tendons being visible with ordinary pulse sequences. A bright signal 
from this effect is commonly seen in the rotator cuff, Achilles tendon (see Figure 7.2(b)) and in the 
patellar tendon [Xia, 2000]. With conventional MR sequences normal tendons in the body exhibit 
no or very little signal intensity, as can be seen in Figure 7.2(a), where the Achilles tendon in the 
foot appears as a signal void. 
Diagnosis Considering Magic Angle Phenomenon 
Recent studies have demonstrated the clinical and functional importance of exploiting this dipolar 
coupling effect in cartilage and tendons as part of the evaluation of orthopaedic and other injury 
[Sadro and Dalinka, 2000, Xia, 2000, Fullerton et al., 1985]. To those unfamiliar with this effect, 
these signal variations may indicate disease, rather than artifact [Marshall et al., 2002]. Further 
more, in [Oatridge et al., 2001] this technique was used to show more detail of acute and chronic 
tendon rupture. Hence, the magic angle effect, when correctly exploited can help facilitate diagnosis 
of certain type of injuries in tendinous and cartilage based structures. 
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(a) (b) 
Figure 7.2: Cross section of lower leg showing (a) signal void at the Achilles tendon when oriented 
aligned with main field of scanner and (b) at the magic angle. 
The work described in the body of literature documenting the magic angle phenomenon was 
made very much harder by the practical difficulties of placing a tissue at a specific angle to BQ 
in the confined environment of a closed bore MRI scanner, which is typically 600mm in diameter. 
Precise angular positioning of even such a major structure as the Achilles tendon is not easy, and 
there is little space for an operator to check that the tissue being studied is indeed at the required 
angle to the main field. Manual fixtures such as angular jigs and paper protractors have been used 
to position at a desired angle, but the result tends to be inaccurate and readjustment needed if 
the patient moves, requiring table retraction. This process can be especially time-consuming for 
those patients who find it difficult to position their limbs at a specific angle in the limited space, 
for example infants, elderly patients or patients with disability. Plotting the signal characteristics 
against a range of angles is far too extended a process to be possible in normal clinical imaging 
without some form of mechanisation. 
A MR compatible device capable of moving the desired anatomy to a specific orientation inside 
the scanner bore can facilitate magic angle related experiments done with live subjects, assisting 
the diagnostic process. It would make the process quicker, more reliable and would allow the 
positioning of the tissue to be modified remotely without table retraction and patient repositioning. 
7.3 System Objectives and Specifications 
The system's principal function is to be able to position certain tendinous tissues at specific orien-
tations within the bore of a high field MRI scanner, in order to aid diagnosis of injuries and disease 
by exploitation of the magic angle effect. To fulfill this objective the following specifications were 
set: 
1. The device is to be used inside a closed bore 1.5T MRI scanner and is to be independent 
of scanner make and model. Therefore the system should not directly interface with the 
scanner hardware, which will maximise its potential use at clinical sites, allowing hospitals 
with different scanners to accommodate the device. 
2. The system should be able to manipulate a variety of limbs in order to position a range of 
CHAPTER 7. MAGIC ANGLE LIMB POSITIONING SYSTEM 166 
tendons at a desired orientation in the field. It should thus be suitable for tendons in the 
knee and in the leg (i.e. cruciate ligaments or Achilles Tendon), as well as those in the hands 
and arm (i.e. the collateral ligaments or volar plate). In particular, the initial prototype of 
the system has been optimised with special consideration given to leg manipulation in order 
to position the Achilles tendon, as this will impose the highest load on the system. 
3. The manipulator must be able to position a limb at any desired angle from 0-90° with 
respect to BQ. This is necessary because a particular tendon in the body may already be 
at a significant angle to the main field when the patient is located in the scanner bore (i.e. 
a cruciate ligament in the knee), and may only require a small change in orientation of the 
limb in which it is contained to be located at the magic angle. Accuracy to within ±1° is 
considered sufficient to obtain the desired signal enhancing effects. 
4. The system must assure high levels of patient comfort, that is, the patient must not be 
required to make uncomfortable movements while motion of the limb is taking place. In 
addition the system must avoid collision between patient anatomy and the wall of the scanner 
bore. 
5. The system must be intuitive and easy to use for the practitioner and should provide a 
graphical user interface to simplify operation. This means that set-up of the system must 
be simple and quick, and that the training required to learn to use the system must be 
minimal. Once training has been given, ideally no additional technical staff or supervision 
will be required during the clinical examinations. 
6. Regarding the interaction with the MR environment, the system must be safe and must not 
produce artifacts which may potentially render the MR image diagnostically useless. Also, 
tests must prove that the system does not degrade the SNR to a large extent. In order to 
provide the highest quality images of the target anatomy, the system must locate the tissue 
within the DSV of the imaging volume. 
7. Examination time using the system should be within reasonable limits considering that MR 
scanner time is a scarce resource in hospitals. 
7.4 Manipulator Design 
7.4.1 Mechanical Design 
A 3 DOF manipulator platform has been developed and is shown in Figure 7.3. It consists of 
two translational axes, one aligned with the Z axis of the scanner and the other aligned with the 
horizontal or X axis. On top of these axes, a rotational platform is located which will position the 
target tissue at the desired orientation. These three axes can be clearly seen in Figure 7.3(a) and 
(c). The manipulator is designed so that the patient may position the limb containing the target 
tissue (i.e. leg or arm) on the rotational platform, with the limb immobilised using Velcro straps 
as displayed in Figure 7.3(d). 
Only a single rotational degree of freedom is strictly necessary to orient a limb or tissue at a 
particular orientation inside the scanner bore. However, when the patient is lying in the lateral 
position with their leg located on the rotational platform, if the centre of rotation of the platform 
is not aligned with the knee, then as the leg is rotated the knee is required to move as displayed in 
Figure 7.4(a). It shows a schematic diagram of a leg, where point H is the hip, point K the knee 
CHAPTER 7. MAGIC ANGLE LIMB POSITIONING SYSTEM 167 
(a) (b) 
Limb support 
Worm and Rotary 
Spur Gear Encoder Strip . . 
Air Motor 
Rotational axis 
Motion in X axis 
Position Air Motor for Motion in Z axis Air Motor Encoders Rotational A)ds 
for Z Axis 
Aluminum Rail X Axis -v 
A uminum Rai Z 
Figure 7.3: Mechanical design of manipulator platform, (a) CAD image of overall system design 
with its 3 DOF, (b) CAD image of view from underneath the system which shows each axis driven 
by an air motor, (c) manufactured system mounted on a Siemens 1.5T Avanto scanner and (d) leg 
mounted on the device with a flexible surface receiver coil 
CHAPTER 7. MAGIC ANGLE LIMB POSITIONING SYSTEM 168 
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Figure 7.4; (a) Only 1 DOF is strictly required to position the leg at a particular orientation, 
but it imposes knee and hip motion which is uncomfortable, while (b) 3 DOF allow the hip to be 
stationary at all times 
and point A the ankle. When the lower leg is rotated around point 0 - the centre of rotation of 
the 1 DOF platform - the knee K moves to point K', point H to H' and point A to A'. This will, 
in turn, require the hip to move, which can be very uncomfortable especially when lying laterally 
as a large part of the body weight is loaded on the hip. To avoid this situation, two additional 
translational degrees of freedom can be added to the platform, having in total 3 DOF, which will 
move the platform the necessary amount to keep the hip stationary at all times. This situation is 
represented in Figure 7.4(b). The amount that each of these translational degrees of freedom must 
move to assure that the hip is stationary will depend on the length of the leg and other variables, 
and must be calculated for each patient. More details about the system kinematics are given in 
Section 7.5.1. 
The device is clamped to the scanner table by means of a base board made with MDF wood 
which contains plastic flaps on either side that insert into the lateral grooves of the scanner table 
as shown in Figure 7.3(c). Each degree of freedom of the system is driven by one of the air motors 
described in Section 4.4.3 of Chapter 4, and position encoding of each joint is obtained using 
the surface mount optical encoders described in Section 4.3 of the same chapter. Figure 7.3(b) 
shows a CAD view of the underside of the manipulator, which indicates the location of each of 
the three air motors on the platform and how they are coupled to the axes, along with the optical 
encoders. Figure 7.5 shows a photo of the same view of the manipulator, with special emphasis on 
the rotational axis gear train. All the air motors are non-backdriveable, and therefore so too are 
the axes. 
The Z axis of the device is driven by an air motor coupled to a rack and pinion, with a gear 
ratio of 1600:1. The rack is located on the wooden base board, and the motor which is mounted 
on the main body of the manipulator moves the whole system with respect to the base, presenting 
a translation range from of 340mm. The manipulator is mounted on sliders which run along 
alumunium rails embedded in the base board in order to minimise friction, as shown in Figure 
7.3(c). In the case of the Z axis joint, the optical encoder is mounted on the manipulator very 
close to the air motor, and the encoder strip is embedded into a small recess in the base board and 
runs parallel to the aluminium rail. The resolution of the optical encoder and strip is 85/um. 
The X axis has a range of 200mm moving ± 100mm laterally either side of the centre. Again 
a rack and pinion is used to drive the axis along aluminium slides to reduce friction (see Figure 
7.3(d)). Figure 7.5 shows the location of the rack in the manipulator and the air motor connected to 
the pinion, with a gear ratio of 1280:1. Again a surface mount optical encoder reads the incremental 
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R o t AXIS M o t o r 
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Z AXIS M o t o r 
Figure 7.5: Overall bottom view of manipulator showing air motors and gears coupled to each axis, 
with zoom centered around rotational axis, with encoder and strip attached to spur gear 
position of the joint with a resolution of 85/i?n. 
The rotational axis has a range of 180 degrees, moving ±90° with respect to BQ which allows 
imaging of both the Achilles tendon in the left and right leg. In order to reduce any backlash of 
the rotational platform which may compromise the positioning accuracy. Figure 7.5 shows how the 
motor is coupled to a worm gear before being attached to the platform via a spur gear, with a total 
gear ratio of 1600:1. The circular reflective encoder strip is attached to the spur gear which moves 
rigidly with the rotational platform, providing easily encoded angular rotation with a resolution 
of 0.25°. 
The structural components of the device are made with Ertalon, Nylon and Delrin, with dry 
plastic bearings and sliders used to lower friction at the joints. All screws are made from Nylon or 
brass depending on the required rigidity. A removable limb support platform has been added to 
the system as shown in Figure 7.3(a), so the patient once located in the lateral decubitus position 
can place their lower leg on the rotational platform, and their upper leg on the support to separate 
it from the imaged region of interest and to provide additional comfort. 
For actuation of the air motors a supply of compressed air is required. Medical grade air is 
readily available at 4.4 bar both inside and outside the scanner room in most MR suites in hospitals. 
As the air pressure required by the motors is much lower than the available pressure at the supply, 
a pressure regulator is needed to reduce the air to 1.3 bar. The regulated air is then taicen to the 
valves which control the flow to the motors. The air hoses, which are made of polyurethane, are 
connected to a push fit hose panel at the manipulator, where smaller hoses then connect to each 
of the air motors as shown in Figure 7.5. This allows quick connection and release of hoses which 
should minimise set-up time. 
7.4.2 Robot Control Hardware 
For the correct functioning of the described system a number of additional hardware components 
are required, such as a control PC, a hardware motion controller, flow valves and additional elec-
tronics to supply power and adequate control signals to the different components. Most of this 
equipment is located inside the control room of the MR suite in order to reduce their interference 
with the scanner images. A schematic of the system hardware is displayed in Figure 7.6. 
Inside the control room the user or practitioner interfaces with the system via the laptop control 
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Figure 7.6: Block diagram of required system hardware for the limb positioning device 
PC (Dell Latitude D620, 2GHz, 2GB of RAM), where a graphical user interface developed in NI 
Lab View 8.2 allows the selection of a desired orientation for the target tissue. This information is 
sent to a hardware motion controller (National Instruments Compact Rio 9004/9104, as described 
in Section 4.4.2 of Chapter 4) via an Ethernet TCP/IP connection protocol. The Compact Rio 
includes a digital output module cRio-9472 which will provide a PWM signal to the valves and a 
digital input module cRio-9411 which receives the signals from the optical encoders. 
Valves are required to control both the direction and flow of the air provided to the pneumatic 
motors. High-bandwidth on-off valves were selected (SMC, VQ20 series), which are based on 
electromagnetic principles to move a relay into an on or off position, which excludes them from 
being located in the scanner room. They require 24V input voltage and have a very fast response 
time of approximately 5ms. Although valves based on piezoelectric principles axe now available 
(Hoerbriger-Origa) they are extremely expensive which excluded their use for this device. These 
piezovalves could however be introduced inside the scanner room, greatly shortening the hose length 
from valve to actuator which would result in reduced response delays and increased bandwidth. 
The solenoid valves were placed inside the control room, with two valves being used for each motor, 
one for each direction of motion. The air flow at each valve was controlled via the duty cycle of a 
PWM signal given from the Compact Rio to the valve. Hoses of 8m length connect the valves to 
the manipulator in the scanner room through the wave guides. 
The optical encoders at each joint provide electrical pulses as the axes of the manipulator are 
moved. These electric signals must be taken to the control room to be processed by the motion 
controller and converted into a position signal. However, the MR image is very sensitive to any 
electrical cables passing through the wave guides between the control room and the scanner room, 
as they can act as antennas bringing into the scanner room stray RF noise from the electrical 
components in the control room. To avoid passing the electrical signals from the encoders straight 
to the control room, these signals are converted into optical pulses and then transmitted to the 
control room via fibre optic leads, and converted back into electrical signals before being processed 
by the motion controller. This has been implemented using an opto-electronic circuit (Avago 
HFBR2524) which is located in a small shielded aluminium enclosure (shown in Figure 7.7) located 
at 2m away from the scanner bore. Four AA batteries power the electrical circuits and also provide 
the 5V supply to the encoders. All the encoder cables are connected to a single shielded RJ-45 
Ethernet type cable at the manipulator which is then plugged into the aluminium enclosure making 
the connection easy and simple. The electrical signals from the encoders are filtered as they enter 
the box using low pass hardware filters (details of these filters given in Section 4.5.3 of Chapter 
4) to remove any high frequency noise from the lines and then converted into the optical pulses. 
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Figure 7.7: (a) Shielded aluminium enclosure containing circuitry to convert electrical signals into 
optical pulses which can then be lead outside of the control room via fibre optic cables, and (b) 
view showing internal electrical circuits and components 
Finally the shielded box is connected to the ground connection of the scanner room. 
Figure 7.8 shows the set-up of the components located in the control room: (i) a power supply, 
(ii) a box containing all the necessary electronics, valves and motion controller and (iii) the control 
laptop PC. The power supply converts the AC outlet in the control room into 24V DC which 
powers the system. The electronics box contains six solenoid valves (2 per axis) and additional 
circuitry to convert the optical signals from the encoders back into electrical pulses for processing 
and the Compact Rio. 
7.4.3 System Workflow 
A block diagram of the overall system is presented in Figure 7.9. The practitioner controls the 
system via the laptop PC, where a desired orientation for the target tissue can be specified. This 
information is sent to the Compact Rio via an Ethernet connection, which, in combination with 
the information received from the optical encoders after reconversion into electrical signals, will 
provide a PWM signal to the valves which will regulate the air flow to the motors, providing motion 
of the manipulator. It is possible to calculate the position of the slice planes of the scanner which 
will image the desired anatomy, from the position of the three joint axes as well as the position 
of the target anatomy with respect to the rotational platform (both of which axe known). The 
desired scanner slice planes are thus calculated by the system software and presented to the user 
via the GUI. In order to maintain the system independent of the make and model of the scanner, 
this slice information must be input into the scanner host computer manually by the user. 
7.5 Manipulator Kinematics 
The objective of the system is to locate a target tissue at a desired orientation inside the bore of 
a high field scanner. However, in the system specifications it was also paramount that the system 
was capable of ensuring patient comfort while motion was being produced, and that the target 
tissue was located inside the DSV of the scanner to provide high quality images. An analysis of the 
kinematics of the system will show the necessity of calculating a relationship between the 3 DOF 
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Figure 7.8: (a) Auxiliary equipment located inside the control room comprising a control laptop, 
a power supply and electronic components, and (b) components located inside the electronics box 
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Figure 7.9: Block diagram of limb positioning device, showing the transfer of information between 
the different components 
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of the device to obtain these objectives. In a first instance the kinematics have been optimised for 
positioning the Achilles tendon in the leg, but this analysis can be extended to other tendons and 
limbs. The Achilles tendon has been chosen due to its size, which makes it easy to locate on both 
the leg and the MR images, and because positioning the leg is the most demanding task required 
of the platform in terms of load. 
7.5.1 Optimal Positioning of Achilles Tendon 
When imaging the Achilles tendon the patient is positioned in the left or right lateral decubitus 
position, with their lower leg strapped to the rotational platform and their upper leg resting on the 
support of the device, out of the way of the target tissue. To orient the Achilles tendon the system 
must manipulate both the thigh and the cnemis (lower leg) of the patient, a demanding task due 
to the weight and strength of the leg. By analysing the kinematics of the interaction between the 
device and the leg it will be possible to: 
• Calculate the necessary movements for the three axes of the device to position the Achilles 
tendon at the right orientation while minimising its distance from the isocentre. This will 
make sure the tendon is within the DSV of the scanner. The DSV is the diameter of the 
spherical volume of the scanner which corresponds to the volume of best magnetic field 
homogeneity. 
« Impose the condition that patient anatomy does not collide with the scanner by avoiding 
contact between the knee or foot with the wall of the scanner bore. 
• As the leg is moved into the desired position, the hip of the patient must always remain 
stationary which is a condition needed to assure patient comfort. This will require all three 
axes to move with a given relationship, which must be calculated. 
In Figure 7.10(a) a transverse view of the leg strapped to the rotational platform inside a scanner 
bore mock-up is shown, and Figure 7.10(b) displays a schematic diagram of that same view which 
indicates the geometric relationships between the leg, the device and the scanner bore. The diagram 
includes a cross section of the scanner table, the manipulator mounted on top (in green) and the 
knee located above the manipulator (in red), just touching the side of the scanner bore. Table 7.1 
indicates the nomenclature used for the different parameters and variables involved in the analysis. 
Figure 7.10(c) and (d) show similar images but with a sagittal view, with the patient in the 
left lateral decubitus position. In Figure 7.10(d), the leg is represented with two lines from hip 
to knee and knee to ankle, and the sagittal schematic shows a leg inside the scanner bore in two 
different positions. The first (in red) corresponds to the initial patient position, where the cnemis 
is attached to the rotational platform initially aligned with Bo (corresponding to a starting value 
of P = 0°) and the angle between the femur and the main field is OQ. The second leg position 
(in blue) indicated in Figure 7.10(d) is when the cnemis is oriented at a general angle /?, with the 
angle between femur and main field equal to (a + cio). The following kinematic analysis is done 
for the patient positioned in the left lateral decubitus position (patient lying laterally on their left 
side), although similar equations can be derived for the right decubitus position but have not been 
included here to avoid repetition. 
From Figure 7.10(b) it can be observed from the triangle formed by vertices OEF that, 
2 J \ 2 J <"•' ('-2) 
CHAPTER 7. MAGIC ANGLE LIMB POSITIONING SYSTEM 174 
Platform 
Figure 7.10: (a) Transverse photo showing patient leg attached to the manipulator, (b) schematic 
diagram to model the leg (in red) inside the scanner, (c) photo of sagittal view of patient leg 
attached to platform, and (d) sagittal view of the leg in its initial position (in red) with the cnemis 
aligned with BQ and then at a generic angle /3 (in blue) with respect to BQ 
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Parameter Definition 
H - ) Hip coordinates 
Knee coordinates 
P - ( X , , ,Yp,Z f , ) Centre of rotation of platform coordinates 
Ankle coordinates 
0 isocentre 
W, Table Width 
W, Scanner bore width at the sagittal plane at the height of the centre of knee 
w. DSV width at the sagittal plane at the height of the centre of knee 
D , Diameter of scanner bore 
^DSV Diameter of DSV 
D, Diameter of knee 
4 Length of thigh 
Lc Length of cnemis (lower leg) 
L, Length f rom point P to the ankle A 
D, Distance from ankle A to the isocentre 0 
Zo Z distance from the reference coordinate frame to the isocentre 0 
\ Vertical distance from centre of knee K to isocentre 0 
K Vertical distance from isocentre 0 to scanner table top 
h Vertical distance from centre of knee K to scanner table top 
a + t t o Angle between femur and main field 
tto Angle between femur and main field at patient initial position 
P Angle between tibia and main field 
h Joint variable for the Z axis. Total motion moved by the device Z axis 
Joint variable for the X axis. Total motion moved by the device X axis 
Joint variable for the rotational axis. Total motion moved by the device rot axis 
•^ po Z coordinate of pivot point P wi th patient in initial position 
^PO X coordinate of pivot point P with patient in initial position 
Table 7.1: Variables and parameters used in the kinematic analysis for the optimal positioning of 
the Achilles tendon 
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where, 
hi = h~h2 
Prom triangle OCD, equation 7.3 can be written as. 
Combining equations 7.2 and 7.4, the distance W2 can be expressed as, 
(7.3) 
(7.4) 
W2 = 2 I 2 (7.5) 
This magnitude represents the distance from points E to G, the width of the scanner wall at the 
height of the centre of the knee, and hence approximately the maximum distance in which the 
cnemis must be located before the knee collides with the bore. 
Operating in a similar fashion, but using the diameter of the DSV instead of the diameter of 
the scanner bore, the distance W3 can be obtained as follows, 
T j 
^ 3 = 2 
(7.6) 
(7.7) 
This magnitude represents the width of the DSV at the height of the centre of the knee. 
In Figure 7.10(d) a coordinate system has been placed at the centre of the scanner bore with 
the origin aligned with the Z coordinate of the hip (point H). By imposing the condition that 
the hip must be stationary at all times (which means that the coordinate frame is also fixed) the 
coordinates of the ankle (point A), knee (point K) and hip (point H) can be expressed as follows: 
L r s in(Q;o) - L T s i n ( a + a o ) + L c s i n ( / 3 ) 
—h\ 
LT c o s ( a + a o ) + Lc cos{P) 
[XKJYR, ZK] = 
LT s i n ( a o ) — LT s i n ( a + a o ) 
-hi 
LT c o s ( a + a o ) 
[XH,YH,ZH] = 
LT s i n ( a o ) 
0 
(7.8) 
(7.9) 
(7.10) 
The pivot point P, around which the rotation of the platform takes place, can be expressed as: 
[Xp, Yp, Zp] = 
LT s i n ( a o ) - LT s i n ( a + a o ) + ( L c - L2) sm{(3) 
—hi 
L T c o s ( a + a o ) + { L c - L 2 ) cos( /? ) 
(7.11) 
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In the system specifications it was paramount to maintain the target anatomy inside the DSV 
of the scanner. In order to obtain this objective, the joint values for each DOF of the system 
will be calculated to minimise the distance from the isocentre to the ankle (which is proximal to 
the Achilles tendon). To compute the distance DA from the isocentre to the ankle the following 
formula is applied, 
DA = \ I { X a - X o f + {ZA - ZqY + / i ? ( 7 . 1 2 ) 
where Xq and ZQ are the coordinates of the isocentre in the coordinate frame represented and 
defined in Figure 7.10(d). In this coordinate system however, Xq = 0. Combining equations 7.8 
and 7.12 the distance to the isocentre can be written as, 
DA=^ {LTsin(ao)—LTsin(a+ao)+Lcsin{p})'^  + (LTCOs{a+ao)+Lccos{0)-Zo)^+hl (7.13) 
Therefore once the desired orientation /? of the tendon is specified as a user input, it is necessary 
to calculate the values of the two translational joints Xj and Zj to minimise the distance to the 
isocentre which is expressed in equation 7.13. The values X j and Zj are the joint values of each 
of the translational axes, which can be described by the following expressions as a function of the 
angles a and 
Zj = Zp — ZpQ 
Zj = LT cos (a + UQ) + {Lc - ^2) cos(/?) - LT cos(ao) - {Lc — L2) (7.14) 
Xj = Xp - XpQ = LT sin(ao) - LT sin (a + qq) + {Lc - L2) sin(;5) (7.15) 
where Zpo and Xpo are the initial positions of the pivot point P (when /J = 0). In addition the 
following constraints must be imposed: 
• The knee must not hit the scanner wall, which from Figure 7.10(d) can be expressed as; 
l-Xjfl-H (7.16) 
» The ankle must stay inside the DSV of the scanner to assure its location inside the homoge-
neous static field. Therefore the distance from the ankle to the isocentre in the sagittal plane 
in Figure 7.10 (d) must be smaller than the distance W3, 
( X a — XQ)'^ + {ZA — Z o f ' < j ( 7 - 1 7 ) 
The calculated joint values must be within the robot workspace, that is each joint must only 
move within its range: 
-340 <Zj<0 (7.18) 
2 
-100 < Xj < 100 (7.19) 
These range values are obtained from the mechanical design of the device (see Section 7.4.1). Joint 
Zjis negative as it is expressed in the reference frame displayed in Figure 7.10(d). Therefore it is 
necessary to calculate the joint values X j and Zj that minimise the distance from the ankle to the 
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isocentre expressed in equation 7.13, while fulfilling the constraints defined in equations 7.16, 7.17, 
7.18 and 7.19. Inspection of equation 7.13 shows that the variables with which we can minimise 
the distance are the angle a (angle formed between the femur and the Z axis of the scanner) and 
the distance Zg (distance in the Z direction between the patient hip and the isocentre). To vary 
the distance ZQ without making the patient move their hip, it is necessary to move the table of 
the scanner which can be done remotely from the scanner host PC. In the following section, the 
joint values X j and Z j will be calculated considering the case where table motion is not desired, 
and also the case where table motion is allowed. 
Optimal Posit ioning W i t h Table Motion 
If table motion is permitted the problem to solve is the minimisation of the distance function 
described in equation 7.13, which is a function of both variables a and Zq. Hence it is necessary 
to minimise the constrained non-linear multivariable optimisation problem summarised as follows; 
miria.Zo DA{a,ZQ)=y/{LTsin(ao)-LTSinia+ao)+Lcsin{l3))^+{LTCOs{a+ao)+Lccos{P)-Zo)^+h.'f (7.20) 
subject to the following constraints; 
^ 
( X x - ; ^ o ) ^ + ( Z A - Z o ) : < 
0<ZJ< 340 
- 1 0 0 < X j < 100 
- 1 0 0 0 <ZO< 500 
An additional constraint has been added to limit the amount of table motion permitted to 
a total of 1.5m. This problem can be solved using Sequential Quadratic Programming (SQP) 
methods [Han, 1977, Powell, 1978a] easily implemented using the function fmincon included in the 
Matlab Optimisation Toolbox. Once the angle a and distance Zq are calculated, the joint values 
can be obtained from equations 7.14 and 7.15, and table motion also derived. 
At the beginning of the examination process when the patient is lying on the scanner table 
before being introduced into the bore, the laser pointer is aligned with the ankle (point A) which 
means that the isocentre and the ankle will be aligned (this is part of the registration process 
explained in Section 7.5.3). The patient is then introduced inside the scanner bore and from 
Figure 7.10(d) it can be observed that the initial distance from the hip to the isocentre is, 
Zoi = LT cos (qo) + LQ (7.21) 
The table motion A Z thus required is given by, 
AZ = Zq- Zoi (7.22) 
where Zq is the calculated value obtained from resolving the optimisation problem in equation 
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7.20. A negative table motion corresponds to moving the table outwards with respect to the front 
of the bore, and a positive value corresponds to moving the table inwards into the bore. 
Optimal Posit ioning Without Table Mot ion 
In this case the problem to solve is the minimisation of the non-linear distance function described 
in equation 7.13, which is a function of only one variable A, as ZQ stays constant throughout the 
whole examination. The problem can be summarised as follows: 
mm„ DA(oi)=^/{I'Tsin{ao)—LTsin{a+ao)+Lcsin,(p))^+(LTOOs{a+ao)+Lccos(P)—Zo)^+h\ (7.23) 
subject to the following constraints; 
- Z o ) 2 + ( Z A -
Q<Zj< 340 
- 1 0 0 < X j < 100 
Solving in the same way as before, the calculated angle a which minimises the distance function 
is used to obtain the joint values from equations 7.14 and 7.15. As table motion is not desired, the 
distance Zo is maintained constant throughout the analysis and is equal to the value expressed in 
equation 7.21, or set to a desired fixed value as required. 
7.5.2 Obtaining Parameters of Equations 
In the analysis presented in Section 7.5.1, equations were derived in order to calculate the joint 
values required to position the leg at a desired angle /? while minimising the distance of the 
ankle to the isocentre. These equations were a function of numerous parameters such as the leg 
lengths {LT, LC), scanner bore size (Dg), table width (Wi) and others. These parameters must be 
obtained to be able to solve these equations, and hence they are divided in three groups depending 
on how they are obtained: (i) parameters directly measured from the patient, (ii) parameters 
obtained from the scanner make and model and (iii) parameters measured once the patient and 
the platform are mounted on the bed in the initial position. Table 7.2 shows how each of these 
parameters is obtained. 
Most of the parameters can be obtained by either a direct measurement or from the scanner 
user manual. In the case of obtaining ao however, to measure the angle between the femur and the 
main field when the patient is in their initial position is difficult as a protractor would be needed. 
Another way of estimating its value is by measuring the distance ho indicated in Figure 7.10(d), 
and then applying the formula: 
ao = asin (7.24) 
Out of the parameters Usted in Table 7.2, two of them can be easily estimated; (i) L2, the length 
from pivot point P to point A, and (ii) h the vertical distance from the centre of the knee K to 
the scanner table top. To estimate L2 if we position the leg of the subject so that the ankle is 
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Parameter Measurement Method 
Scanner Parameters: 
Wj - Table W id th Measure w id th o f the scanner table 
£)j. - Scanner Diameter Scanner documentat ion 
DSV Diameter Scanner documentat ion 
Patient Parameters: 
D f ; - Knee Diameter Measure d iameter of knee 
i , " Thigh Length Measure length of th igh f r om centre of hip to centre o f knee 
Z,(--Cnemis Length Measure length of cnemis f r om centre o f knee to centre o f ankle 
Set-up Parameters: 
a „ - Initial Femur Angle Measure the distance f rom centre of hip to the edge of the table ( A , ) , 
(see Figure 7(d)) than apply formula t o calculate U q : 
4 
Lz Measure Length f r om point P to the ankle A 
h Measure vertical distance f r om centre o f knee K to scanner tab le top 
Table 7.2; Parameters required to be able to position the Achilles tendon in its optimal position 
with respect to the isocentre 
positioned right up against the end of the rotating platform, we can suppose that L2 is half the 
length of the rotating platform which is 130mm, as shown in Figure 7.11(a). To estimate h, we 
can suppose that the centre of the knee is aligned with the top of the platform, and so h is the 
distance from the top of the platform to the top of the table which is 210mm and displayed in 
Figure 7.11(b). 
7.5.3 Registration 
To use the magic angle device to image the Achilles tendon, the device is first mounted onto the 
scanner table, and then the leg of the patient is attached to the rotating platform, with the patient 
in a lateral decubitus posture. The platform is then positioned so that it is aligned with the 
main static field, that is ^ = 0°, and the upper leg of the patient is strapped to the support block 
attached to the manipulator. Once the patient is in place and the relevant parameter measurements 
have been taken, a registration process must be performed. Before inserting the patient into the 
scanner bore, the table is positioned so that the isocentre coincides with the centre of the ankle. 
This will give an initial value of ZQ as expressed in equation 7.21. The patient is then introduced 
into the bore and a localiser image of the ankle is taken in the sagittal plane in order to measure 
the parameter /3o, which is the angle between the Achilles tendon at the ankle and the main static 
field, when the platform is aligned at 0 degrees. This is necessary because although the leg is at 
0 degrees with respect to BQ, the Achilles tendon is not necessarily parallel to the lower leg, and 
hence may have an initial orientation. This initial alignment is measured off the image directly at 
the scanner console in the control room, as can be seen in Figure 7.12. This angle is named /3o, 
and it must be considered when introducing a desired orientation of the tendon. For example, if 
the desired orientation of the tendon is 55 degrees, the platform orientation can be expressed as 
/3 = 55-0O (7.25) 
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Figure 7.11: (a) Parameter L2 can be estimated as half the length of the rotating platform, and 
(b) h is the approximately the distance from the top of the platform to the top of the table 
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Tendon 
Figure 7.12; Measurement of the initial orientation of the Achilles tendon at the ankle on an MR 
localiser image in order to obtain the parameter /?o 
Transverse 
Plane 
Sagittal 
Figure 7.13; Schematic diagram of scan planes provided by the system software to image target 
tissue 
In general, once the registration process has been performed, the desired platform orientation 
can be calculated as, 
(^platform ~ Ptendon Po (7.26) 
and this value Ppiatform is used when calculating the joint values that will minimise the distance 
to the isocentre. 
7.5.4 Scan Plane Calculation 
One of the objectives of the system is to reduce examination time as much as possible as scanner 
time is a scarce resource in hospitals. One method of minimising the time taken to image the 
target tissue would be to calculate the location of the imaging planes of the MRI scanner to image 
the target anatomy. Two scan planes will be defined by the system software: one centered on the 
ankle and located transverse to the target anatomy, and the other also centered on the ankle but 
oriented sagittal to the target tissue, as displayed in Figure 7.13. 
The centre of both imaging planes will be the coordinates of the centre of the ankle which is 
given by equation 7.8. These coordinates can be easily expressed as a function of the joint vahies 
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PtciKlon 
T toC 
90-Ptcin1on 
CtoT 
Pteiidon ^ 4 5 Ptendon ^ 4 5 
Figure 7.14: Scanner convention to define orientation and angle of a scan plane that is always 
transverse to the target anatomy, in this case the Achilles tendon 
of each of the 3 DOF (see Figure 7.10(d)) in the following manner, 
[-X'ai XA) ^A] = 
^2 -^ 2 ^^^(^Pplatform) 
— hi 
LT COs(q:o) + {Lc — HI) + Z j + L2 COs{Pplatform) 
(7.27) 
allowing the centre of the scan planes to be obtained by reading the joint values from the encoders. 
Transverse Plane to Target Anatomy 
The orientation of a transverse plane to the target anatomy will be defined in the scanner coordinate 
frame as a plane which is initially transverse, but which as Ptendon increases becomes more and 
more like a coronal plane. To specify this plane at the scanner console, a specific convention needs 
to be followed which is shown in Figure 7.14. 
The angle Ptendon can be obtained from the angle of the rotation platform as specified in 
equation 7.26 as. 
Ptendon — Pplatform 4" Po (7.28) 
The orientation of the plane is considered transverse to coronal if the angle Ptendon is less than 
45 degrees, and as coronal to transverse if Ptendon is between 45 and 90 degrees. In the first case, 
the angle of the scan plane is defined as precisely Ptendon (see Figure 7.14(a)), where as in the 
latter the angle to define the plane is measured from the coronal plane and is the complementary 
to Ptendon, 38 shown in Figure 7.14(b). Hence an imaging plane that is transverse to the target 
anatomy at all times is defined as follows: 
Centre = 
"1~ 1^2 ^^^iPplatform) 
— hi 
LT c o s ( a o ) + {Lc — L^) + Z j + L2 COs{Ppiatform) 
Orientation • Trans -to - Cor, 7 = Ptendon 
i f Ptendon < 4 5 ° 
Cor - to - Trans, 7 = 90 - Ptendon if 45 < Ptendon < 90° 
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Sagittal Plane to Target Anatomy 
The sagittal plane does not change orientation and is defined exclusively by its centre point as 
follows, 
4" L2 ^^^(^Pplatform) 
Centre = —hi 
LT COS(QO) + {Lc — L2) + Z j + Z/2 COs{Ppiatform) 
Orientation = Sagittal 
The system software calculates these planes and displays them on the GUI, so that the user can 
introduce their values into the scanner host computer. 
7.5.5 Motion Trajectory Planning 
It has already been mentioned that in order to maintain patient comfort it is important to keep 
the position of the hip stationary as the leg is moved around on the platform. The kinematic 
analysis developed in Section 7.5.1 is capable of obtaining the desired joint values to ensure that 
the tendon is positioned closest to the isocentre while avoiding any collisions with the scanner bore 
and maintaining the hip stationary. The transition from the manipulator's current joint positions 
to the calculated final joint positions must be made by maintaining a certain relationship between 
the three joints, in order to impose the condition of stationary hip position throughout the entire 
motion. Therefore a calculated path which defines the intermediate positions for each joint as they 
move from their initial position to their final position must be generated and used as an input for 
the position controller. 
Once the desired orientation of the tendon is specified Ptendon, the path from the rotational 
platform's current position to its calculated final position is discretised in N points, and it is made 
to follow a linear path with the value Pi at any intermediate point i along the path defined as, 
A = Ao + (i - 1) t (7.29) 
( iV - i j 
where piQ is the position of the joint at the beginning of the path obtained from the value of the 
encoder reading on the rotational axis and Ppiatform is calculated from Ptendon using equation 7.26. 
In a similar way, the value of a calculated from equations 7.23 or 7.20 (depending if table motion 
is allowed or not) is also made to follow a Hnear path, where the value ai at any intermediate point 
along the path is given as, 
Qi = Qio + (i - 1) i = i-'-N (7.30) 
where ajo is the initial value of the angle at the beginning of the path, and which can be obtained 
from one of the translational joint values, for example from equation 7.15 as, 
. f Lxsinao + (Lc - L^) sinPio ~ X j \ 
Oio = asm I j - ao 
Once the path for these two angles is defined, in order to maintain the hip stationary the two 
translational axes must follow a relationship as defined in equations 7.14 and 7.15 as follows, 
Zj. = Lcos{ai + ao) + {Lc - L2)cos{Pi) - L t c o s ( a o ) - {Lc - L2) i = 1...N (7.31) 
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Parameter Measured Value 
Scanner Parameters; 
-TableWidth 535 mm 
Dj," Scanner Diameter 600 mm 
- DSV Diameter 450 mm 
Patient Parameters: 
- Knee Diameter 100 mm 
i , -Tliigh Length 450 mm 
L f - Cnemis Length 400 mm 
Set-up Parameters: 
a , - In i t ia l Femur Angle Ao = 45 ^ a o = 29.35" 
4 150 mm 
h 190 mm 
Po 8" 
Table 7.3: Parameters for an example patient positioned in the left lateral decubitus position inside 
a 1.5T Siemens Avanto scanner 
Xj . = LT (sin(ao) - sin (a, - ao)) + (Lc - L^) sin(/3i) i = l...iV (7.32) 
7.5.6 Example Case 
Suppose we have a patient lying in the left lateral decubitus position being imaged in a 1.5T 
Siemens MRI scanner, with the parameters listed in Table 7.3. In this example we will suppose 
that table motion is not desired. 
With the parameters listed in the table and supposing the desired orientation of the tendon is 
55° (the magic angle) the calculated joint values of the device are, 
X j = 12.8mm, Zj = -250.7mm, (^platform. = 47° 
which gives a distance to the isocentre of DA = 133.9mm which is well inside the DSV. Figure 
7.15 shows a schematic diagram in a sagittal view of the patient leg in its initial position (drawn 
in black) and then in its calculated position (drawn in blue), showing the values each joint has 
moved in order to minimise the distance to the isocentre. 
In order to move from the initial position to the final calculated position the joints pass through 
a calculated trajectory. Supposing that the number of discretised points in which the trajectory is 
divided is N = 100, then Figure 7.16 shows the planned path for the three joints of the manipulator. 
As indicated in equation 7.29, the rotational platform follows a linear path to its end position, while 
the other two joints move in accordance to the geometric relations expressed in equations 7.31 and 
7.32. This assures that the hip is stationary at all times during motion. 
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Scanner 
Initial Position Final Posit ion 
Figure 7.15; Schematic diagram showing a sagittal view of the patient leg in its initial position in 
black and then in its desired position in blue. The DSV diameter is shown in green. 
QJ 
3 
i 
c 
O 
75 § 
c 
fD 
42 \8mm 
X A X I S 
Z Axis 
Rot Axis 
-250.7mm 
o 
3 
0 
u ' 
1 
c 
m 
S 
5 
40 60 
Trajectory Points 
Figure 7.16: Calculated path for the transition of each joint of the platform to its desired end 
position, in order to maintain the hip of the patient stationary 
7.6 Conclusions 
This chapter has described the development and design of a 3-D OF MRI compatible mechatronic 
limb positioning system. Its objective is to assist with imaging and diagnosis of orthopaedic and 
CHAPTER 7. MAGIC ANGLE LIMB POSITIONING SYSTEM 187 
tendinous injury and general magic angle related research. The system is comprised of three axes, 
each actuated by a highly geared down pneumatic air motor, which provides enough torque to 
position a limb, such as the leg, accurately inside the bore of a high field MRI scanner. The device 
has been carefully designed to fulfill each of its described system specifications. 
The manipulator is completely independent of scanner make and model, requiring only a small 
modification of its base board to be adapted to the different sizes of scanner tables available. Slice 
plane calculation is preformed in software and presented to the operator for manual input into the 
scanner host computer. 
Although in principle the system can be used to position a variety of limbs and tendons in the 
body, most of the work explained in this chapter has been optimised for the Achilles tendon, as 
positioning the leg inside the scanner bore imposes the highest load onto the system. The kinematic 
analysis described has only been applied to the Achilles tendon when the patient is in a lateral 
position, although similar kinematic analysis can be done for other limbs, postures and tendons in 
the body with relative ease, making the system highly versatile. This enables tendons in the knee, 
arm and hand to be scanned. However one limitation of the system in its current embodiment is 
that for certain tendons in the body, required patient postures may result in patient discomfort. 
To scan a tendon in the elbow may require the patient to lie laterally or on their back, and raise 
their arm above their heads in order for it to be strapped down to the rotational platform. This 
posture is not sustainable for long examination times providing considerable discomfort. In any 
case, with the developed technology obtained as a result of this work, smaller and more specific 
devices can be made to image particular tendons inside the scanner bore if required. 
Chapter 8 
Magic Angle Positioning System: 
Evaluation and Trials 
8.1 Introduction 
In Chapter 7 a device capable of positioning limbs inside the confined space of a closed bore MRI 
scanner was described. The system, which was actuated by means of pneumatic rotary motors, 
presented 3 DOF in order to orient the desired limb at a specific orientation while maintaining 
patient comfort at all times. Its design was optimised for scanning the Achilles tendon in the leg, 
and suitable kinematics were derived. Special care was taken to make the system easy to use and 
intuitive, promising fast set-up and examination times. 
This chapter focuses on the mechatronic evaluation of the system and some preliminary trials 
with healthy volunteers. The control strategy for both joint control and trajectory control, which 
allows smooth motion and patient comfort, is described along with an evaluation of the accuracy of 
the system and open loop response tests for each of the axes. MR compatibility tests are performed 
with their results clearly showing the suitability of the system for use inside the MR environment. 
In order to test the functionality of the system preUminary clinical trials were performed on 
healthy human volunteers, where the Achilles tendon of four subjects were imaged at different 
orientations within the bore. The proposed procedure that was carried out in order to image the 
Achilles tendon of each of the subjects is described and the results showing the signal obtained 
&om the tendon as a function of its orientation within the scanner presented. 
8.2 Software, Control Strategy and Mechatronic Evaluation 
of the System 
The software and control strategy has been implemented using Lab View 8.2 and Matlab. Matlab 
has been used to calculate the joint values which minimise the distance from the tendon to the 
isocentre and also for the generation of the joint trajectories. The Lab View software is used to 
design the GUI from which the user can input and read all the relevant parameters and system 
variables, while also implementing the control algorithms to move the manipulator axes to their 
desired position. 
The axes of the manipulator can be moved using three control methods: (i) individual joint 
control allows positioning of each axis individually to a desired position, (ii) trajectory control 
188 
CHAPTER 8. MAGIC ANGLE POSITIONING SYSTEM: EVALUATION AND TIUALS 189 
Axis 
Average Steady State Speed Rise Time (ms) 
No Load 1 Load No Load 1 Load 
Z 7.3mm/s 6.8mm/s 217.1 277.7 
X 8.2mm/s 7.9mm/s 101.1 160.1 
Rot 5.6deg/s 5.6deg/s 70.2 91.3 
Table 8.1: Rise time and maximum speeds observed from the step response of each axis 
moves all the axes simultaneously to the successive intermediate points along the generated path 
until they reach the end of the calculated trajectory, and (iii) directly controlling the PWM signal 
given from the Compact Rio motion controller to the valves. In addition the software allows 
the user to simulate the patient positioning for particular tissue orientations with and without 
table motion before actually actuating the manipulator. In the centre of the GUI a diagram of 
the current leg position is provided which indicates the location of the hip, knee and ankle with 
respect to the scanner bore and DSV at all times. 
8.2,1 Open Loop Tests 
Two open loop tests were performed to evaluate the system response of the manipulator: (i) a step 
response where rise time and maximum speeds were obtained and (ii) quantification of maximum 
forces and torque obtained from the individual axes of the manipulator. For both tests a pressure 
of 1.3 bar was applied to the motors. 
Step Response 
Each individual axis was initially stationary and then a signal was sent to one of the valves con-
trolling the air flow so that it was fully open (100% duty cycle). Since the aperture of the valve 
controls the air flow to the motor, which in turn controls the velocity of the axes, the velocity of 
each axis was derived from the encoder readings and plotted. Figure 8.1 shows the step response 
for the Z axis, the X axis and the rotational axis respectively. This test was carried out under two 
load conditions: (i) when the axes were driven with no applied load and (ii) with a leg strapped 
down to the rotational axis, exerting load onto cJl three of the axes. Table 8.1 shows the average 
steady state speed for each of the axes with and without applied load, and also indicates the rise 
time for each axis, which is defined as the time it takes for the speed of an axis to change from 10% 
to 90% of its steady state average speed. The rise time gives an idea of the delay in the system 
response to a change in the reference signal. 
Table 8.1 shows that average speeds of 7.3mm/s, 8.2mm/s and 5.6deg/s are obtained from the 
Z, X and rotational axis when no load is applied. The rotational axis has a low steady state speed 
as the gear ratio from the motor to the rotating platform is large. This was implemented in the 
design of the axis in order to increase its output torque as it will be subject to most of the leg 
load, but comes at the expense of speed. The same can de said about the Z axis and the X axis, 
where the Z axis has a slightly larger gear ratio. With load the speeds are of 6.8mm/s, 7.9mm/s 
and 5.6deg/s, which axe only slightly lower than the no load condition (the rotational axis does not 
change its average speed). At these speeds the time for each axis to travel its complete range would 
be 50s, 25s and 16s respectively, which are adequate for the desired application. The graphs also 
show that the steady state speed fluctuates slightly around the average value on all axes both with 
and without load. This may be due to the resolution of the encoders and the velocity estimation 
method used, as well as slight misalignments in the gears and rails. Rise time is also indicated in 
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Figure 8.1: Step response showing the velocity of the Z axis, X axis and rotational axis of the 
manipulator running with and without load 
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Ref Pos PWM 
PI Controller JUL Solenoid Air Flow Air Motor 
J 
J ' 
k 
+ Deadband Valves + Axis 
Current Pos 
y(t) Optical 
Encoder 
Figure 8.2: Block diagram showing the elements involved in the joint control process 
the table displaying values which axe acceptable for the designed application and showing a small 
increase when load is applied. 
Measured Forces 
The maximum force or torque for each axis was measured and quantified. With the valves com-
pletely opened, a spring balance was applied against each of the translational axes until the motor 
stalled and the total force indicated was registered. For the Z axis the maximum force measured 
was 90N, and at the X axis the value was of 67N. This variation in force is due to the different 
gear ratio for each motor. To measure the maximum torque given by the rotational axis, a spring 
balance was used to measure the force given by the axis at a particular point of the platform 
located 100mm from the centre of rotation of the axis. The force at which the platform stopped 
moving was measured and a total torque of 8.9Nm calculated, which is sufiicient to rotate a large 
leg. 
8.2.2 Joint Position Control 
To control the position of each of the individual joints, a reference position r{t) is inserted into the 
control software, and after comparing the reference to the current position y{t) as measured by the 
joint encoder, the signal is lead to a PI controller which is used to generate a PWM signal which is 
sent to one of the two solenoid valves which control the direction of motion of each motor. As the 
axis moves, the new encoder readings are sent back to the motion controller where a new PWM 
signal is produced as a function of the error signal e{t). A block diagram of the signals involved in 
joint control is presented in Figure 8.2. The joint control loop was run on the FPGA chassis of the 
Compact Rio controller in order to achieve high frequencies, with a position update rate of IMHz 
per axis. 
For each axis a specific deadband was introduced into the control algorithm to improve its 
position accuracy. At each control loop the error signal was calculated and measured against a 
given deadband. If the error value was larger than the deadband, then the error signal was input 
into the PI controller and the output duty cycle sent to the valve. If the error was lower than 
the designated deadband, then the controller output was brought to zero and the valves closed. 
This limits the overshoot of the axis and allows consideration for inertia in the position control 
algorithm. The output duty cycle for the PI controller is therefore defined as; 
duty cycle • 
( Kp (^e{t) + ^ fe(t)dt^ if e{t) > deadband 
if e{t) < deadband 
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Axis 
Gains 
Deadband Accuracy 
Kp 1 Ti(s) 
Z 2.6 2.3 2 0.9±0.19mm 
X 4 2.3 1.5 0.4±0.1mm 
Rot 9 3.6 1.25 0.6±0.15deg 
Table 8.2: Gains, deadbands and accuracy for each of the axes of the manipulator, when compressed 
air at l.Sbar is applied to the motors 
where Kp and Kj = ^ are the proportional and integral gain respectively for the PI controller. 
The duty cycle is limited to a maximum of 100% and depending on its sign (positive or negative) 
it will command the aperture of either of the two valves which control the motion direction for 
each air motor. The gains for the PI controller were derived using the Ziegler Nichols method 
[Ogata, 2002], followed by some empirically based fine tuning to obtain suitable results. The 
deadbands for each axis were also empirically obtained in order to achieve the best accuracy for 
the system. The gains and deadbands obtained for each axis are presented in Table 8.2, along with 
the average accuracy achieved with an air pressure of P = l.Sbar at the motors. Figure 8.3 shows 
a step position response for each axis with the specified gains and deadbands. A small delay can be 
observed from when the reference signal is specified to when the axis actually starts moving. All 
three axes reach their target position with almost constant speeds (constant slope) and present a 
small steady state error. The slope in the response of the rotational axis is somewhat more jagged, 
due to the lower resolution of the axis (0.25°). 
To measure the accuracy of each axis, a reference position was inserted into the position control 
algorithm and when the axis had reached its final position, its real position was measured using a 
mechanical tracking arm (Microscribe G2X) which has a measurement error of less than 0.38mm. 
The data from the tracking arm was then compared to the desired reference position and the 
RMS error was calculated and logged. This test was repeated 30 times for randomly selected 
reference positions within the range of each axis and the average error was calculated within a 95% 
confidence interval. The accuracy of the rotational axis is of 0.6 ± 0.15° which is within our target 
specifications of ±1°, and the accuracy of the translational axes is of 0.9 ± 0.19mm for the Z axis 
and 0.4 ± 0,1mm for the X axis, which is considered adequate. The data of these accuracy tests 
are detailed in Appendix B. 
8.2.3 Adaptive Trajectory Control 
Section 7.5.5 of Chapter 7 explained the need for a geometric path to be followed when the axes are 
moved from a start to an end position in order to maintain stationary the hip of the patient, and 
it also derived the calculation of that path which was implemented in Matlab. Once the path has 
been generated, the positions of the N points pertaining to that path were passed into the Lab View 
program by means of an Nx3 array, where each row contains the position each axis should reach 
at each of the N points along the path. Therefore each row of the array was used as a reference 
position for each of the three axes, which was inserted into the joint control algorithm. Once all 
of the three axes were within a specified error from the desired position then the following row of 
the array was accessed and the new reference positions introduced into the joint control algorithm. 
Figure 8.4 shows a block diagram of the algorithm logic for trajectory control. 
The gains used for joint position control described in Section 8.2.2 were obtained with an air 
pressure of 1.3 bar and supposing that only one axis was actuated at a time. In the case of 
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Figure 8.3: Position response to a reference signal for (a) the Z axis of the manipulator, (b) the X 
axis and (c) the rotational axis. 
CHAPTER 8. MAGIC ANGLE POSITIONING SYSTEM: EVALUATION AND TRIALS 1 9 4 
i-N 
RefZ 
Axis 
Array 
Nx3 
RefX 
Axis 
Ref Rot 
Axis 
^ Trajectory End 
i=i+1 
Array 
Rowi 
Wait for 
all Axes 
Joint Control 
Z Axis 
Trajectory 
Generation 
Joint Control 
Rot Axis 
Joint Control 
X Axis 
Current 
Axes 
Position 
Calculated 
Axes End 
Positions 
Figure 8.4: Block diagram of trajectory control algorithm 
Axes Z Axis XAxis Rot Axis 
Actuated Kp Ti(s) Kp Ti{s) Kp Ti (s) 
1 2.6 2.3 4 2.3 9 2.6 
2 2.7 2.4 5 2.3 9.5 2.9 
3 4 2.6 7.6 2.7 11.7 3.6 
Table 8.3: Adaptive PI control gains used as a function of the number of axes that are actuated 
at each time. 
trajectory control all three axes may be actuated at one time, which means that less air flow is 
available to each motor. Depending on how many motors are being actuated, the gains used for 
joint control must also be modified or adapted to take into consideration this difference in air flow 
and still obtain accurate results. Table 8.3 displays the gains used for each axis depending on the 
number of axes that are being actuated simultaneously, which have been obtained through the 
Ziegler Nichols [Ogata, 2002] method with additional empirical tuning for each axis. 
Figure 8.5 shows the positions measured by the encoders as they followed a defined calculated 
trajectory. The graph represents both the reference position for each joint as well as the actual 
position of the axis. The reference positions of each axis increment in small steps, as they do not 
pass on to the next point on the trajectory until all the axes axe within a small error of their 
reference positions. Axis motion can be observed to be smooth and close to the reference point at 
all tunes, ensuring patient comfort. The average error along the trajectory between the reference 
point and the actual position is of 2.8mm for the Z axis, 1.1mm for the X axis and 1° for the 
rotational axis. 
8.3 System Evaluation Inside MRI Scanner 
Once the system has been evaluated in the laboratory environment, three tests were performed to 
evaluate its correct functioning inside an MRI scanner: (i) evaluation of the position accuracy of 
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Reference 
Orientation (°) 
Encoder 
Reading |°) 
Fiducial 
Angle {") Error (°) 
0 0 0 0 
15 15.5 15.6 0.1 
30 30 30.7 0.7 
45 45.5 45.7 0.2 
60 60.5 61,2 0.7 
75 75.5 76.5 1 
90 90.5 91.4 0.9 
0 -0.5 0.3 0.8 
Table 8.4: Accuracy results of rotational platform using fiducial markers to track position inside 
the scanner 
the device when located at the scanner isocentre, (ii) quantification of the error of the shce plane 
calculation of the system software and (iii) use of the device to position other tendons apart from 
the Achilles at the magic angle within the scanner bore. A description of how these tests were 
carried out and their results are presented in this section. 
8.3.1 Joint Position Accuracy 
Although system accuracy has already been measured under laboratory conditions it is important 
to demonstrate that the device can work with similar performance inside the scanner isocentre. 
The intense fields of the scanner may interfere with some of the electronics of the system, which 
in turn may affect accuracy. In order to evaluate accuracy inside the scanner, two passive fiducial 
micro-coils similar to those described in Section 5.8 of Chapter 5 were placed on the rotating 
platform at a distance of 200mm apart. The rotating platform was then moved to a range of 
orientations and the position of the fiducials obtained by means of the fiducial tracking algorithm 
developed for the prostate robot. The 3D coordinates of the fiducials were then converted into 
an angle with respect to the main field and compared to the angle given by the encoders and the 
error calculated. The results are documented in Table 8.4. The first column refers to the desired 
position inserted into the software, the second corresponds to the encoder reading after reaching 
the desired position and the third column shows the angle as measured from the tracked fiducial 
coordinates. The error value, measured as the absolute value of the difference from the measured 
angle from the fiducials and the value measured by the encoders, ranges from 0.1 - 1° (average 
error 0.55°) which is similar to the average error registered under lab conditions. However it must 
be noted that the fiducial tracking algorithm has an accuracy of 0.36mm per fiducial, which given 
the distance between the two (200mm) can result in an angular error of up to 0.2°. 
8.3.2 Software Slice Plane Calculation 
The system software was capable of calculating the position and orientation of the image slice 
planes that contain the target anatomy from the data of the encoders. In order to evaluate the 
accuracy of this calculated plane, a phantom with a geometric pattern was placed on the rotational 
platform of the limb positioning device. Initially, with the platform aligned with the main static 
field Bo a sagittal image to the phantom was taken. The axes of the device were then moved to 
specific reference positions and a sagittal image taken at the position and orientation indicated by 
the system software. If the image from the software is correctly calculated, then it should coincide 
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Theta Z Axis X Axis Table IMotion Error X Error Z 
(deg) (mm) (mm) (mm) (mm) (mm) 
0.00 0.00 0.00 0.00 0.00 0.00 
30.00 0.00 0.00 0.00 -0.20 -0.39 
30.00 0.00 25.00 0.00 -0.20 -0.39 
30.00 -90.00 25.00 0.00 -0.20 0.61 
60.00 -90.00 25.00 0.00 -0.11 -5.30 
60.00 -90.00 50,10 0.00 -0.11 -5.30 
60.00 -180.00 50.10 100.00 -0.11 -5.30 
90.00 -180.00 50.10 100.00 0.10 -4.50 
90.00 -180.00 74.90 100.00 -0.40 -5.00 
90.00 -269.70 74.90 200.00 -0.40 -5.00 
Table 8.5: Results of the tests to evaluate slice calculation of the system software 
exactly with the image taken when the phantom was aligned to the main field. A subtraction 
image between the two will yield the error of the plane calculation of the software. 
Table 8.5 shows the results of the tests. The first three columns indicate the position to which 
the axes were moved, and the fourth column is the table position. Only one axis was moved at a 
time and an image taken. The final two columns indicate the error of the slice calculation in the X 
direction and Z direction respectively. These values were calculated by obtaining the coordinates 
of the centre of the bounding box (the smallest box which contains the entire phantom) for each 
image and comparing them with the centre of the bounding box of the first image that was taken. 
If the slice calculation is exact, the phantom should be centered in the image at exactly the same 
place as in the initial image, when the manipulator was located at the isocentre. 
The results indicate that the error in the Z axis is generally larger than in the X axis, and that 
a variation in error generally occurs when the position of the rotational platform is varied. In any 
case the maximum error is of 5.3mm, which is easily tolerable. Figure 8.6 shows the image of the 
phantom taken when all axes were at the zero position, another image with the axes located at 
g = 30°, ZJ = -90mm and XJ = 25mm and a subtraction image of the two showing the error. It 
is worth noting that gradient non-linearities can cause geometric errors if the phantom is moved 
considerably away from the isocentre. 
8.3.3 Alternative Tendon Positioning 
One of the system objectives for this device was to be able to position a variety of limbs inside 
the scanner for magic angle related diagnosis. Although the kinematics of the system have been 
optimised for the Achilles tendon, it is important to verify the feasibility of positioning other limbs 
inside the scanner, such as the hand or the knee. 
Figures 8.7(a) and (b) show a subject in the scanner lying face down with their hand mounted 
on to the rotational platform of the device. The hand was fixed into place with sandbags and 
cushions and a flexible surface receive coil was wrapped around it. The hand was first positioned 
at 0° (aligned with BQ) and then at 55° and images taken each time. Table 8.6 shows the sequence 
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(a) (b) (c) 
Figure 8.6; (a) MR image of geometric phantom at initial position, (b) image of phantom with 
axes moved as defined by system software, and (c) subtraction image of the shces showing the error 
Sequence TR/TE (ms) 
No. 
Slices 
Slice 
Thicl<ness 
(mm) 
Slice 
Spacing 
(mm) 
Matrix 
Size 
Flip Angle 
n 
FOV 
(mm) 
Spin Echo 300/15 9 5 2.5 256x256 - 150 
Table 8.6: Image sequence parameters for imaging both the hand and the knee 
parameters for the MR images taken. Figures 8.7(c) and (d) show an extensor tendon on the 
posterior side of the finger which is seen initially as a signal void but whose signal is considerably 
increased at the magic angle, being comparable to the muscles in the structure. 
A subject's knee was also imaged initially aligned with the main field and then located at the 
magic angle, with a flexible surface coil wrapped around the knee. Figure 8.8(a) shows the subject 
just before being introduced into the scanner bore and Figures 8.8(b) and (c) show the MR images 
of the knee using the sequence parameters of Table 8.6. The patellar tendon can be seen with 
considerably more signal at the magic angle. 
8.4 MR Compatibility of the System 
Quantifying the image artifact produced by the entire system is not feasible due to its size, but 
the artifacts produced by its principal components (i.e. encoder, air motor and materials) have 
previously been analysed in Section 4.5 of Chapter 4. The location of these components on the 
manipulator have been designed so that the small artifact they produce will not affect the imaged 
region of interest. SNR tests were performed to quantify any additional EM noise introduced into 
the MR images due to the presence of the system inside the scanner bore. Scans were taken under 
the following conditions: (i) a cylindrical phantom filled with a CuSOi doped solution present 
in the scanner isocentre, (ii) the device powered but not actuated with the phantom located on 
the rotational platform, and (iii) the device powered and actuated. In each case a gradient echo 
and a spin echo scan was taken, with the sequence characteristics presented in Table 8.7 using 
the body coil of a 1.5T Siemens Avanto. The SNR of a slice at the isocentre was computed using 
equation 4.4 of Chapter 4. The results of these tests are presented in Figure 8.9, which show that 
the maximum SNR degradation produced by the presence of the system when actuated is of 3.6%, 
which is small enough to be acceptable for this application. Hence it is concluded that the system 
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(a) (b) 
Figure 8.7: Subject with hand mounted on the rotational platform of the device at (a) 0° and 
at (b) 55° with respect to Bo, and corresponding MR images showing the extensor tendon with 
increased signal when located at the magic angle 
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(a) 
M 
Figure 8.8. Subject knee imaged aligned with the main field and at the magic angle. As expected 
the patellar tendon appears with brighter signal at the magic angle. 
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Sequence TFUTE (ms) 
No. 
Slices 
Slice 
Thickness 
(mm) 
Slice 
Spacing 
(mm) 
Matrix 
Size 
Flip Angle 
D 
FOV 
(mm) 
True FISP 
(SSFP) 4.24/2.12 9 5 2.5 256x256 66 300 
TSE 1800/83 9 5 2.5 256x256 - 300 
Table 8.7; Spin echo and gradient echo sequence characteristics for SNR testing with the limb 
positioning system 
(a) 
TSE Sequence 
(b) 
TruFISP Sequence 
-0.6% 
1.7% 
.. 
-3.6% 
System Poswred System Actuated System Powered System Actuated 
Figure 8.9: SNR tests performed with the system introduced in the scanner isocentre while un-
powered, powered and actuated. The largest degradation in SNR of 3.6% was produced when the 
system was actuated and imaged with the gradient echo sequence 
is considered MR compatible under the specified test conditions, ensuring it does not compromise 
the diagnostic capabilities of the MR images. The complete data of these tests are presented in 
Appendix C. 
8.5 Preliminary Clinical Trials 
To test the functionality of the limb positioning system, a series of tests were conducted to image 
the Achilles tendon of four healthy volunteers at differing orientations within the bore of a closed 
bore 1.5T Siemens Avanto scanner. With the tendon positioned at specific orientations, MR images 
were obtained in order to quantify the variation of signal in the structure. As the orientation of 
the tendon gets closer to that of the magic angle some signal enhancing effects should be observed 
in accordance with the theory presented in Section 1.3.2 of Chapter 1. In order to obtain and 
compare the results from each of the four volunteers, an examination protocol was prepared to 
conduct the trials in exactly the same manner for each subject. 
8.5.1 Protocol Description 
The following procedure was followed when examining each of the volunteers: 
1. Hardware Setup; the limb positioning system was setup and made ready for use with the 
patient. 
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2. Device Initialisation: this involved locating the manipulator in its start position on the 
scanner table. The software user interface was started and the initialisation option pressed 
which takes each of the three axes of the device to their initial position. The rotational axis 
resets to 0°, the Z axis goes to its zero position and the X axis is reset at the centre of the 
table. 
3. Subject Leg and Coil Positioning: the subject was located in the lateral decubitus 
position and their leg was placed inside the rotating platform of the manipulator. A flexible 
surface coil was then wrapped around the Achilles tendon at the ankle, and the leg and 
coil were both fixed to the rotational platform using Velcro in a manner that minimises any 
relative movement between the leg and the platform. 
4. Measurement of Patient and Scanner Parameters: at this stage the measurements 
required from the patient and the manipulator were taken in order to solve the kinematic 
equations developed in Section 7.5 of Chapter 7. Table 7.2 of that chapter provides details 
about measuring each of these parameters. In some cases it may be easier to obtain some 
of these measurements (i.e. length of thigh, cnemis or knee diameter) before the subject is 
positioned on the scanner bed. The scanner parameters should be either measured from the 
scanner or looked up in the scanner documentation. These measurements axe specific to each 
scanner and only need to be obtained once if the same scanner is used for all the volunteers. 
5. Introduce Parameters into Software: the measured parameters from the subject and 
the scanner were introduced into the system software for use with the kinematic equations. 
6. Patient Registration: the ankle of the patient was aligned using the laser pointer at the 
edge of the scanner bore, and the patient was inserted into the scanner bore, so that their 
ankle was exactly at the isocentre. Once the patient was inside the scanner bore, a localiser 
image was taken in a sagittal plane in order to measure the initial orientation of the Achilles 
tendon with respect to the main static magnetic field BQ. The initial angle Po between the 
tendon and the static field was measured from the localiser image at the console of the host 
computer, and input into the system software. 
7. Selection of Tendon Orientation: the desired orientation of the tendon was selected and 
input into the system software. For these trials each of the volunteers were scanned at their 
initial orientation /3o, then at 20, 30, 40, 45, 47, 49, 51, 53, 55, 57, 59 and 61° or until the 
knee touched the scanner wall, in which case the trial was discontinued. As the signal was 
expected to increase rapidly as the tendon approaches the magic angle, more scans were 
taken in the proximity of 55° in order to quantify the large signal increase and decrease. 
8. Imaging of Achilles Tendon: once the system hardware was at the right orientation, a 
localiser image was first taken in a sagittal plane at the height of the leg. This scan helps 
position an imaging slice which is perpendicular to the tendon at the ankle. This slice was 
then compared with the calculated slice given by the system software to see if there was 
an approximate match. Once the transverse slice plane was positioned correctly a Spin 
Echo sequence was executed, with the sequence parameters indicated in Table 8.8. This was 
repeated for each desired orientation. 
9. Finish Procedure: once all the images have been obtained for the desired orientations the 
subject was taken out of the scanner bore, the leg removed from the rotational platform and 
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Spin Echo MR Sequence Parameters 
TR TE Slice Thickness Slice Spacing Num Matrix FOV Bandwidth Time 
(ms) (ms) (mm) (mm) Slices Size (mm) (Hz/px) (s) 
300 15 5 1 9 256x256 150 130 lm32s 
Table 8.8: Spin Echo sequence parameters used for imaging the Achilles tendon 
receiver coil and the subject was taken off the scanner bed. The manipulator was then turned 
off and the hardware cleared up. 
8.5.2 Tendon Signal Calculation 
Once all the images of the tendon were taken at the different orientations, the MR images were then 
processed using the image processing software OSIRIS (Digital Imaging Unit, University Hospital 
Geneva). A small region of interest was defined at the tendon, and the average signal in the region 
was calculated. However, as the platform rotates the sensitivity to magnetisation of the surface 
coil varies, and thus the signal at the tendon is affected by both the change in magnetisation and 
the magic angle effect. For this experiment, only the signal change due to the magic angle effect 
is of interest, and hence the signal variation due to magnetisation must be decoupled. One way of 
decoupling the effects is to normalise the signal at the tendon by dividing it by the signal present 
at a structure in the tissue which is only subject to the change of magnetisation sensitivity. This 
is the case of the tibia, which is fundamentally of lipid composition (bone marrow) in its centre 
and hence not subject to magic angle effects. Therefore at each orientation the average signal at 
the tendon SA was divided by the average signal at a region of interest at the tibia centre ST, to 
give the normalised signal SN at the tendon (see Figure X), defined as, 
Sn = (8-1) 
Although the numerical value of SN itself is not significant, the increase of SN with orientation 
will indicate the presence of magic angle effects. 
8.5.3 Examined Subjects 
Four healthy volunteers were recruited for the examination. Table 8.9 shows the measured param-
eters for each of the four patients scanned. As the lengths of the thigh and cnemis are critical 
parameters when determining whether the Achilles tendon of a patient can be placed at the magic 
angle before the knee hits the inner wall of the scanner, the volunteers were selected with varying 
leg lengths. This ensured a certain amount of variability amongst subjects, although given the low 
number of volunteers it cannot be considered representative. 
In Section 7.5.2 of Chapter 7 the acquisition method of these parameters was described. It was 
also mentioned that parameters L2 (length from the pivot point P of the platform to the ankle A) 
and h (vertical distance or height from the centre of the knee K to the top of the scanner table) 
could be estimated to a reasonable degree (see Figure 7.11 in Chapter 7). If the subject's leg is 
attached to the platform so that the ankle is located at the end, then the parameter L2 can be 
estimated as the distance from the pivot point P to the end of the platform which is 130mm. In 
Table 8.9 the value of L2 varies between 110-135mm, which is relatively close to the approximation. 
For parameter h, supposing that the centre of the knee is approximately aligned with the top of 
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* 
Figure 8.10; To calculate the signal in a region of interest at the Achilles tendon SA is divided 
by the signal at a region of interest at the tibia ST 
Parameter (mm) Subject 1 Subject 2 1 Subject 3 Subject 4 
Ly: Thigh length 380 450 410 440 
Lc; Cnemis length 350 450 400 450 
Dk: Knee diameter 110 110 120 120 
ho: Hip-Table length 130 70 80 90 
h : Knee-Table height 205 210 205 200 
L2: Pivot-Cnemis length 110 135 110 130 
Ds: Scanner diameter 
Ddsv; DSV diameter 
Wj: Table length 
600 
450 
535 
Table 8.9: Measured parameters for each of the four subjects that were examined 
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(b) 
CHAPTER 8 
Figure 8.11: (a) Limb positioning system mounted onto the scanner table, (b) control room with 
equipment, (c) subject mounted on scanner table in left lateral position and (d) surface coil strapped 
around Achilles tendon of subject 
the platform, then it can be estimated to the distance from the top of the platform to the scanner 
table top, which is 210mm. Table 8.9 shows how that parameter varies from 200-210mm amongst 
subjects which validates the estimation. 
8.6 Results of Trials 
Figure 8.11 shows images of the experimental set-up in the MRI Scanner with the subject lying in 
the left lateral decubitus position. Figure 8.11(a) shows the platform located on the scanner table 
with the Velcro strap and flexible receiver coil in preparation for a subject. Figure 8.11(b) shows 
the control room with the system control equipment, where through the window the subject can be 
seen located inside the scanner, Figure 8.11(c) shows the patient located in the left lateral position 
and Figure 8.11(d) illustrates the surface coil tightly strapped around the leg and attached to the 
rotating platform. 
Table 8.10 shows the results obtained from the experiment, displaying the normalised signal SN 
at the tendon at the different orientations, starting at /?o (initial orientation of the tendon when 
the platform is aligned with Bo) up to 61° as well as the total time of the experiment for each 
patient. Figure 8.12 displays the normalised signal at the tendon plotted against its orientation 
with respect to BQ for each subject. 
The results show that the signal in the tendon remains small and practically constant up to 
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Tendon Angle (°) 
Subject 1 Subject 2 Subject 3 Subject 4 
Pc 0.04 0.05 0.04 0.02 
20 0.03 0.06 0.03 0.02 
30 0.04 0.05 0.03 0.03 
40 0.04 0.05 0.03 0.05 
45 0.12 0.24 0.02 0.11 
47 0.14 0.34 0.21 0.18 
49 0.19 0.41 0.25 0.22 
51 0.25 0.44 0.31 0.25 
53 0.30 0.47 0.39 0.28 
55 0.47 0.57 0.57 0.48 
57 0.35 0.62 0.40 0.31 
59 0.29 0.43 0.26 0.27 
61 0.25 0.34 0.24 0.25 
Time (min) 78 50 48 45 
Table 8.10: Normalised signal measurements at the Achilles tendon at different orientations relative 
to BQ. AS the tendon approaches the magic angle, the signal increases notably 
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Figure 8.12: Normalised signal plotted against orientation for each of the four subjects. Magic 
angle effects can be observed soon after the tendon is oriented at 40°, peaking at 55° and then 
rapidly decaying in accordance with theory 
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Subject Sn (Po) Sn(P=55°) Ratio 
1 0.04 0.47 11.75 
2 0.05 0.57 11.4 
3 0.04 0.57 14.25 
4 0.02 0.48 24 
Table 8.11: Ratio of the normalised signal at the magic angle and at for each subject. An 
increase in normalised signal of between 11 and 24 fold is presented due to magic angle effects 
around 40°, after which signal intensity starts to increase rapidly peaking at approximately 55° and 
descending swiftly afterward. This behaviour is in accordance with the theory presented in Section 
1.3.2 of Chapter 1. A scaling factor proportional to the dipolar interaction between protons is also 
plotted in Figure 8.12, showing that when the interaction is highest {/3 = 0°) the signal at the 
tendon is minimal and as it decreases in a cosine manner the signal starts to increase accordingly. 
For each subject the signal peaks at exactly 55° except for Subject 2 where the signal peaks at 57°. 
This is probably due to slight inaccuracies of the rotational axis. An interesting value to quantify 
is the ratio between the normalised signal at 55° and that at po for each subject, which is presented 
in Table 8.11. 
The increase in signal intensity ranged from just under 12 to 24 times when the tendon was 
oriented at the magic angle. Figure 8.13 show the visible increase in signal intensity at the tendon 
when oriented at the magic angle compared to the initial orientation at Po- In Figure 8.13(a) 
anatomically transverse images show the significant signal increase clearly visible, with the tendon 
appearing as a void in the initial orientation, but then presenting signal at 55° comparable with 
the muscular tissue in the leg. In sagittal images in Figure 8.13(b) a similar result is displayed. 
Another factor to consider is the examination time taken to perform the entire procedure for 
each subject. Table 8.10 indicates the time taken for each subject, which started at 78 minutes for 
the first person and which stabilised at around 45 minutes for the last two. The time indicated 
in the results includes hardware set-up as well as acquiring the entire set of images. The large 
time reported for the first subject was due to the learning curve in finding an optimised way of 
performing the procedure. Once an efficient way of going through all the steps of the examination 
was found, successive times reduced drastically to 50, 48 and 45 minutes. In all the examinations, 
each time the leg was positioned at a different orientation a localiser image was taken in order to 
correctly position the imaging slices, and to compare those slices with the ones calculated by the 
software. In future, these localiser images need not be taken and examination time can be further 
reduced. 
Finally each subject was asked to report any discomfort felt during the procedure. In every 
case no significant discomfort was perceived during motion of the manipulator, although Subject 
1 was somewhat fatigued after the trial due to the lengthy examination time undergone. 
8.7 Conclusions and Discussion 
The achieved accuracy of each of the joints of the system has been quantified, and the expected error 
is 0 .9i0.19mm, 0 .4 i0 .1mm and 0.6±0.15° for the Z axis, X axis and rotational axis respectively. 
These values are considered acceptable and are well within the ±1° orientation specified in the 
system requirements. In addition each axis shows high levels of repeatability, which is also a 
desired characteristic of a robust device. These results indicate the suitability of the system as a 
reliable positioning manipulator. 
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Measures have been implemented in both hardware and software in order to assure the comfort 
and safety of the patient while having their leg scanned. A large leg support was included in the 
design so that the leg that is not being scanned can rest out of the way of the imaging region. 
The 3 DOF of the system in combination with a detailed kinematic analysis allowed specific joint 
motions in order to keep the patient hip stationary at all times, and constraints were applied to 
ensure that patient anatomy did not collide with the scanner wall. 
In order to encourage small set-up and examination times, most of the system components were 
packaged and boxed with simple connections between the elements, i.e. RJ45 Ethernet cables and 
push fit hose connections and fibre optic cables. In addition an intuitive and user friendly GUI 
was implemented in Lab View, which was capable of calculating the slice plane locations in order 
to take MR images centered on the target tissue. This should allow the use of the system with 
only a small learning curve, minimal training time and eventually no technical supervision during 
an examination procedure. 
Finally MR compatibility of the system has been demonstrated, with only a minimal reduction 
in SNR of the images when the system is present and actuated. 
The 3 DOF limb positioning device was tested with four healthy volunteers in a closed bore 
1.5T Siemens MRI Scanner in order to prove the functionality of the device. A specific protocol 
was devised in which each subject had their Achilles tendon positioned at a range of orientations 
within the bore and MR images taken in order to quantify the signal at the tendon. The results 
show the clear presence of magic angle effects as the tendon approaches an orientation of 55 ° with 
a significant increase in signal intensity. Procedure time seemed to settle around 45 minutes for 
the final volunteers after a learning curve was undergone, and no patient discomfort was reported 
due to manipulator motion or collision with the scanner bore. 
These preliminary trials were performed with healthy volunteers and helped prove the function-
ality of the system and its objectives. However, larger scale clinical trials with real patients should 
be executed to demonstrate that the system can actually aid in the diagnostic procedure of tendi-
nous disease, providing real value to the radiologist and other clinical staff involved. Unfortunately, 
due to time constraints, these further tests have not been performed to date. 
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Tendon 55 , 
Tendon po 
Figure 8.13: (a) Transverse MR images of the Achilles tendon at the initial patient position (left) 
and at the magic angle (right). In the first case the signal at the tendon is very low, appearing am a 
void in contrast to the surrounding tissue. At the magic angle the signal increase can be observed, 
and is comparable to the muscular structures in the cross section, (b) Similar results observed 
with a sagittal image of the tendon. 
Chapter 9 
Conclusions and Future Work 
9.1 Introduction 
The main goals of this research were presented in Chapter 1 and were comprised of the following 
three points; 
• To provide a technological base, comprising MR compatible materials, actuators and sen-
sors, which will form the basic components of any mechatronic device developed for use inside 
the MR environment. 
• To develop a robotic system capable of performing trans-rectal prostate biopsy 
inside a closed bore 1.5T MRI scanner. The device will execute the biopsy under real-time 
image guidance, and will be able to target a suspected area inside the prostate. 
• To develop a robotic system capable of positioning human tissue at a desired 
orientation inside a closed bore 1.5T MRI scanner. The device will be able to orient a 
tendon, such as the Achilles, at a specific angle with respect to the main magnetic field to 
assist in "magic angle" related diagnosis of tendinous disease, and other related experiments. 
This chapter provides a summary of the research presented in this thesis, followed by a discussion 
of the conclusions that can be drawn and proposed future work. A small insight into the future of 
the field of MRI compatible devices is then given from the experience gained during this research. 
Finally the publication output of this research is listed. 
9.2 Summary of Research 
Chapter 1 commenced by describing the objectives of this research and their motivations. MRI is 
an imaging technique which offers phenomenal advantages to image guided interventions. It can 
provide high resolution pre-operative scans of the targeted area, and also intra-operative pseudo 
real-time images without exposing the patient to ionising radiation. These reasons provide a strong 
motivation to develop MR compatible manipulators, which can exploit the numerous benefits 
of MRI. In order to do so, suitable technology (actuators, sensors and materials) must be used 
which wiU minimise the mutual interaction between the MRI scanner and the manipulator. Thus 
the selection, development and testing of this technology constituted the first objective of this 
research. The second objective consisted in using this technology to build a robotic system capable 
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of performing trans-rectal biopsy of the prostate in order to aid diagnosis of prostate cancer. 
Finally a third objective was cited, involving the development of a limb positioning device to 
orient tendinous tissue inside the bore of high field scanners in order to aid magic angle related 
experiments and diagnosis. 
Chapter 2 briefiy introduced some concepts related to the MR imaging technique, and gave 
important definitions regarding MR safety and compatibility. It listed the principle components 
that form part of the MR suite: the presence of intense magnetic fields and gradient and RF 
pulses, and the way each of these components can interact with external devices brought into the 
MR environment. In addition the spatial constraints of closed bore scanners restrict the access by 
the practitioner to the anatomical region of interest of the patient. 
Chapter 3 was a description of the state of the art in the field of MR compatible manipulators, 
presenting the current solutions to the problem of MR compatible robotics. The devices reported 
in literature were classified depending on their actuation method into systems actuated by piezoce-
ramies, by pneumatics, master-slave cylinders using hydrostatic transmissions and passive devices 
actuated manually. The chapter also focused on the growing number of systems that have appeared 
over the last few years, and the devices that make it to clinical trials and commercial status. 
Chapter 4 described the research focused in selecting, developing and testing MR compati-
ble actuators, sensors and materials. Finding suitable components for mechatronic systems is of 
paramount importance for the successful implementation of MR compatible robotics. After sys-
tematic testing of a range of materials, including metals, ceramics, polymers and woods, a selection 
method was derived as a function of the distance at which the material will be located and the rigid-
ity required. Materials located in the field of view will generally be polymers such as Ertalon (S) and 
Delrin@, while beryllium copper and aluminium can also be used in small amounts. Reliable and 
compatible position sensing inside the scanner bore was also achieved by using surface mount com-
mercial optical encoders, which only produce a small image artifact. Their commercial availability 
and low price make them a very cost effective option. Two actuation methods were developed to 
respond to significant differences in torque demands for the two robotic systems developed. For 
the prostate biopsy manipulator piezoceramic motors from the company PiezoMotor AB showed 
good MR compatibility, compactness and high accuracy. However their speed and force is limited, 
with speeds of up to 6mm/s and maximum linear forces of ION. 1 DOF linear stages were devel-
oped by combining two piezoceramic motors and an encoder, with position control implemented 
to within 0.04mm. These modules can connect together to form multi-DOF kinematic chains. For 
the limb positioning device, higher forces were required and a rotary air motor, composed of a 
turbine impulsed by an air flow, was designed and manufactured. Its simple design and operating 
principle, combined with the flexibility of using modular planetary gear boxes to tailor the output 
torques and speeds, make it quite versatile and easily reproducible. Torques of just under 0.8Nm 
and speeds of below 16mm/s were available on the initial prototypes. Both the actuators and the 
sensors were proven to be MR compatible at very small distances from the isocentre, which is a 
significant contribution. 
Chapters 5 and 6 related the design and manufacture of a prostate biopsy robot as well as its 
mechatronic evaluation in the MR scanner. The numerous limitations of trans-rectal ultrasound 
biopsy, the current gold standard, and its relatively high rate of false negatives, provides the 
motivation to produce a device which can use MRI for precise targeting of the biopsy of suspicious 
tissue in the gland. A 5-DOF manipulator was developed, consisting of a 3-DOF Cartesian stage 
moving an endorectal probe within the rectum which pivots around the anus. The probe has 
needle insertion and needle firing mechanisms attached, which execute the biopsy once the needle 
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is aligned correctly with the target in the prostate. The user controls the robotic manipulator 
from a console inside the scanner room by means of a touch screen. System kinematics were 
developed, as was a scanner-robot registration technique. To track the position of the endorectal 
probe a specially developed image tracking sequence capable of aligning the image scan planes 
was developed. By detecting two fiducial markers in the scanner head, the needle tip position can 
be calculated and is drawn on the images. The prostate biopsy robot was evaluated in terms of 
accuracy of the end effector position inside the MR scanner, and presented an error of between 
1.97-2.72mm during phantom trials, which is within the system specifications. A mock biopsy was 
then performed on a patient proving the functionality of the system for its intended intervention, 
and making it apt for further clinical trials. 
Chapters 7 and 8 narrated the development of a 3-DOF limb positioning system for magic angle 
related diagnosis. The system comprised three axes, each actuated by an air motor which provides 
enough torque to position a limb, such as the leg, accurately inside the bore of a high field MRI 
scanner. The kinematics of the system allow orienting the target tissue at a specified angle in the 
bore, while avoiding collision with the scanner bore, ensuring patient comfort and positioning the 
tissue as close as possible to the isocentre. The current prototype has been tailored for positioning 
the Achilles tendon, although the system has also been proved to position other tendons in the 
hand and the knee. The achieved accuracy of each of the joints of the system was of 0.9 ± 0.19mm, 
0.4 ± 0.1mm and 0.6 ± 0.15 which are within the system specifications, and each axis shows high 
levels of repeatability. These results indicate the suitability of the system as a reliable and robust 
positioning manipulator, and MR compatibility tests demonstrate its suitability for use in a 1.5T 
MRI scanner without deteriorating the image. Preliminary clinical trials with healthy volunteers 
prove the functionality of the device, where the signal at the tendon vs orientation was plotted for 
four different subjects. Magic angle phenomena can help extract vital information from images in 
order to diagnosis certain conditions in the tendon, although orienting tissue at a specific angle in 
the bore is difficult without some type of manipulator. 
9.3 Conclusions and Future Work 
Each of the three main objectives for this thesis is now reviewed in order to validate the outcome 
of this research with respect to the initial set goals. Proposed future work to improve the given 
results are also presented. 
9.3.1 Technology for M R Compatible Manipulators 
The need to select, develop and test suitable actuators, sensors and materials is paramount when 
building MR compatible manipulators as conventional engineering components can interact with 
the fields of the MR environment. 
« A series of tests were performed to select suitable materials that were both MR compatible 
and had good engineering properties, such as mechanical strength and machinability. Ideally 
materials should be electric insulators and have magnetic susceptibilities close to those of air 
and water (a few parts per million). The tests consisted in measuring the artifacts produced 
by a range of materials machined into two different shapes. As the impact a material produces 
depends on a large number of factors both inherent to the material (volume, mass, geometry, 
magnetic susceptibility, electrical conductivity) and to the scanner (field strength, pulse se-
quence) , performing a rigorous analysis of each factor for each material is impossible within 
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the time constraints of a PhD thesis. The tests performed act as qualitative measures which 
can enable the drafting of a basic material selection method for MR compatible manipulators 
depending on their location in the scanner bore and the rigidity required. However they do 
not assure MR compatibility in all cases. Testing of specific manufactured components is 
the only way to absolutely demonstrate MR compatibility. In any case, the selection method 
developed was used to select the materials of both of the robotic systems built, which were 
later demonstrated to be MR compatible. 
• In terms of position sensing, optical encoders had to be found that did not distort in excess the 
MR images. Commercial surface mount optical encoders have the same operating principle as 
regular encoders, except that their size limits the amount of para- and ferromagnetic material 
it contains. Therefore they presented only a small artifact, and compatibility was assured 
if placed at a minimum distance of 20mm away from the imaged region of interest. These 
encoders are very cheap, and once mounted on a PCB with a plastic connector, form a very 
robust unit. They can work with both linear and rotary encoder strips, with a resolution of 
Mum, ensuring reliable position encoding for any mechatronic manipulator. 
• Actuation is one of the most important aspects of mechatronic systems. Very different 
solutions are required depending on the torque and speed requirements of a system. For 
the prostate biopsy robot, linear piezoceramic motors were the primary source of motion. 
Two motors and a single encoder were incorporated into a 1 DOF linear module, which was 
designed so that several modules could connect together to provide multi-DOF structures. 
Position control was demonstrated with an accuracy of 0.04mm, and a maximum speed of 
6mm/s was presented. The motor preload allowed each motor to provide ION, giving the 
stage up to 20N force. The design of the module is such that friction pads push against the 
sliding block in order to minimise backlash, but this also means that 8N of the total available 
lateral force is lost in friction. Although the resulting force is adequate for the prostate biopsy 
intervention, a 40% reduction in force due to friction is by no means ideal, and it is proposed 
for future work that the next prototype use a lower friction design (i.e. ball bearings) to 
increase load performance. Another proposal for future work is the design and manufacture 
of a curved linear stage. At present all the stages are linear, and hence although they are 
interconnectable, only linear kinematic chains can be created. Having a curvilinear stage (a 
schematic is presented in Figure 9.1) would provide greater flexibility and allow these stages 
to be used for a variety of interventions. One of the main contributions of this technology 
is the fact that they can be used inside the field of view of the scanner. In the literature 
review in Chapter 3 most systems that used piezoceramic motors required placing the motors 
at Im from the isocentre, and needed complicated transmission mechanisms to actuate the 
end effector at the anatomical sight of intervention. These stages can be actuated inside the 
isocentre without reducing the diagnostic quality of the images, which eliminates the need 
for any transmission mechanism. This has been obtained by placing all electronics inside 
a shielded enclosure, filtering and shielding all the wires which lead to the robot inside the 
scanner. 
• For the limb positioning system higher torques and forces were required. Commercial com-
patible actuators with these characteristics were not available and so a pneumatic air motor 
based on the rotation of a turbine rotor impulsed by a flow of air was designed and man-
ufactured. These motors have a very simple design, can be reproduced in a small amount 
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(a) (b) 
Figure 9.1: Schematic representation of (a) a curvilinear 1 DOF modular stage and (b) a curved 
stage attached to a linear module 
of time (almost entirely made using RP techniques) and are very cheap to make. Its high 
rotational speed was then converted into a large torque by means of a planetary gear box. 
Torques of just under 0.8Nm and maximum speed of almost 16mm/s were obtained during 
testing. In order to control the speed and direction of the motion, solenoid valves were used 
which have to be placed inside the control room. This means that the length of the hoses 
between the valves and the motor can be quite large (in the order of 6-8m) which reduces 
the bandwidth of the system and increases delay in motor response time. Due to the large 
gear ratio, backlash is inherently present at the output shaft and the inertia of the system 
is quite large. MRI compatibility was assured when located only a small distance from the 
region of interest (14mm) by using compatible materials, and by separating the electronics 
outside the scanner room. Future areas of endeavour would be to use piezovalves to control 
these motors which would allow their location very close to the scanner bore, reducing the 
hose lengths. This would decrease the delays and increase bandwidth. 
A review of these achieved points allow us to conclude that the objective of developing suit-
able engineering components for use in MR compatible mechatronic systems has been successfully 
achieved. 
9.3.2 Transrectal Prostate Biopsy Robot 
An MRI compatible robotic system capable of performing transrectal prostate biopsy was an 
important part of the system objectives. 
• A 5 DOF MRI compatible robotic system was developed, with a 3 DOF Cartesian stage 
which was made by connecting three Unear 1 DOF modules in perpendicular directions, a 
needle insertion axis and a needle firing stage. The kinematics of the robot was developed 
and it relied on knowing the coordinates of the anus position. The endorectal probe pivots 
around a point in the rectum, although the exact location of that point changes as the anus 
is flexible and geometrically is more like a cylinder than a point. Phantom trials proved 
that relying only on the system kinematics was not a feasible option, and meant that the 
endorectal probe had to be tracked in the MR images, making use of the real-time fast pulse 
sequences of the scanner. The tracking algorithm detected the 3D coordinates of two fiducial 
markers embedded in the head of the probe, and was able to calculate the position of the 
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needle tip from those markers, as well as the position and orientation of the scan planes 
which contain the needle at all times. Accuracy tests on a phantom show that a biopsy 
can be performed within the desired accuracy of ±3mm, which was specified in the system 
objectives. At the moment the fastest update time of the fiducial tracking algorithm was 
2.4s, using a FLASH 2D sequence. However, that time could be considerably reduced if a 
faster pulse sequence, such as a True FISP (SSFP), were to be used. By reducing the update 
rate of the fiducial tracking images it is possible to allow the robot to move faster without 
losing the position of the fiducials. Another interesting option, and the focus of future work, 
is the possibility of using the 3D fiducial coordinates from the tracking algorithm as position 
encoding to servo the motors. Those coordinates can be used in the position control loop as 
long as they can be updated fast enough. This would eliminate the need for encoders (or 
they could be used as a redundant measure of spatial location) and it provides a more reliable 
source of position information, which considers not only the axis motion (as the encoders do) 
but also includes any deflection of the structure, which may be of some importance as MR 
compatible manipulators may be mostly made of polymers. 
• The functionality of the system has been tested with a single patient, where the probe 
and needle were aligned with a target point in the prostate, albeit without performing the 
biopsy. Although this test is significant to show the capability of the system to perform its 
intended function, a series of clinical trials are necessary to demonstrate its robustness and 
functionality over a number of interventions. Nine patients will be biopsied using the device 
in the near future under the supervision of Dr. Nandita de Souza at the Royal Marsden 
Hospital. These trials will help evaluate the robotic system in the clinical setting, and will 
show how the time taken to perform the intervention reduces as the learning curve is climbed 
by the practitioner. 
• Another theme of current and future work is adding force feedback to the biopsy needle. An 
MR compatible force sensor was sourced using piezoresistive technology (Force Sensor Series 
FSS, SensoTechnics) which can be used inside the MR environment [Tse et al., 2008b]. If 
this sensor were to be mounted onto the needle insertion axis, by combining the force and 
position information of the axis, a force profile can be generated which shows the force at the 
needle as it is introduced into the prostate. A first application of this technology would be as 
an indicator of when the needle pierced the prostate capsule. A further application would be 
to study the correlation between the different force profiles and the result of the pathological 
test of the biopsy. It has been reported in literature that tumour tissue is several times heirder 
than healthy surrounding tissue [McKnight et al., 2002] and the information from the force 
profile may be used to extract pathological information [Doyley et al., 2003]. 
• It has been shown that imaging of the prostate in a 3T scanner can provide benefits over 
its 1.5T counterpart [Krieger et al., 2007, Fischer et al., 2007]. This may favour the case of 
adapting the developed system for use in 3T, which would not require large modifications. In 
order to do so the endorectal coil and fiducials would need to be tuned to the new resonance 
frequency of approximately 128MHz. In addition SNR and artifact tests of the principal 
components of the system would have to be repeated to make sure that the compatibility 
claims are still valid at the new field strength. The filters used in the current system would 
have a much larger attenuation of noise at the new Larmor frequency which is favourable 
for reducing noise emissions from the electronics. The scanner tracking sequence would also 
need to be adapted for 3T. 
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• With this biopsy technology developed for the prostate, an obvious further application would 
be to adapt its use for brachytherapy, where radioactive pellets are inserted into the prostate. 
In addition, this developed technology allows the design of other manipulators which can 
perform biopsy or similar interventions in other organs such as the breast or the liver. 
Although lacking conclusive clinical trials of the robotic system performing the entire intervention 
(due to time constraints), none the less a system has been developed which potentially can perform 
its intended function to a high level of accuracy, fulfilling thesis objectives. 
9.3.3 Limb Positioning System for Magic Angle Related Diagnosis 
The limb positioning device was capable of orienting a target tissue within the space of a closed 
bore scanner. 
• An MRI compatible limb positioning device was developed for use inside a 1.5T closed bore 
MRI scanner in order to aid in the execution of magic angle related experiments and diagnos-
tic procedures. It consisted of 3 DOF in order to position the limb at a desired orientation 
but also to locate the target tissue as close as possible to the isocentre to assure image quality. 
Preliminary trials with healthy volunteers showed the system functionality by positioning the 
Achilles tendon of four subjects at different orientations within the scanner bore. The magic 
angle effect was easily observed at the tendon, responding to the predictions given by theory. 
• The system was developed in response to a need to be able to position accurately certain 
tendinous tissues in the scanner bore. Literature has already shown how the magic angle 
effect can aid in diagnosis and it is the hope of the author that the system will allow new 
hypotheses to be made in relation to this coupling effect, and relevant research performed. 
To ensure ease of use in the clinical setting the system has been made to be very intuitive, 
robust, with a small number of components and offering short set-up times in order to make 
it cost effective and feasible for use inside the MR suite. Future work would entail finding 
orthopaedic specialists and clinicians involved in muscular-skeletal research who can benefit 
from a device such as this. 
• The air motors were controlled using an adaptive PID controller with a deadband in order to 
reduce the steady state error. A more complex non-linear control algorithm could reduce the 
total error of the system, in the case that they were to be used in an application that required 
high torques but also high accuracy. With the limb positioning device the current control 
algorithm was considered adequate, but increasing the accuracy would allow the actuators to 
be used for other interventions. However, given the large gear ratio required at the motors, 
accuracy is limited by the inherent backlash of plastic gears in the planetary gear boxes. 
The limb positioning system provides robust localisation of tissue inside the closed bore of an MRI 
scanner and hence it can be concluded that the third initial objective set out for this thesis has 
been fulfilled. 
9.4 Future of the Field of MRI Compatible Robotics 
The body of literature describing the development of MR compatible manipulators for intervention 
has increased considerably in recent years. Systems have been developed for use in a wide variety of 
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applications in intervention; catheter placement, biopsy, brachytherapy, neurosurgery and surgical 
assist devices. There is also an increase in reported clinical trials for the systems that are developed, 
and even some systems which have made their way into the commercial playing field. Although 
these are promising signs which in some way foretell the introduction of MR compatible devices 
into the clinical environment, in actuality the field is still in its infancy and will have to face 
some important challenges if these systems are to become a common feature in most MR suites in 
hospitals. 
First it is important that systems are to be developed from a real interventional need. Their 
application must show an obvious improvement in the procedure or allow the performance of 
procedures which previously could not be done. Now that there is a growing range of technical 
solutions for MR compatible mechatronics, systems should be developed as a result of a hospital 
"pull", that is, stemming from a real need, rather than from a technological "push". In this way the 
benefits that the system can supply will outweigh their extra cost and complexity. 
Another important challenge is to become time and thus cost effective. That means that 
procedures must be performed in a significantly short amount of time as the MR suite is already a 
very scarce and costly resource. Systems should also have a relatively short learning curve, so that 
training can be reduced to a period affordable by the already busy radiologists and practitioners. 
This requires systems to be almost "plug and play" not requiring the presence of technical expertise 
in the operating room supervising and monitoring the system in case of failure. 
Multi-application systems have already started to make a presence in literature. These sys-
tems are designed to be able to perform not just one type of intervention, but rather a range of 
related procedures. Innomotion^^ can do a variety of radiological interventions [Inn, 2007]; and 
[Chinzei et al., 2000b] is a robot assist for inserting axisymmetric tools like needles and biopsies. 
This generally means that a large number of degrees of freedom need to be incorporated into the 
device, and hence the systems are more complex and larger in size. The clinical environment will 
best decide whether a preference is made towards the use of a single system for multiple proce-
dures, which will require more training and higher acquisition costs, or several smaller systems or 
intelligent tools, each designed specifically for use in a particular procedure. 
The presence of numerous scanner types, models, field strengths and manufacturers presents 
an additional difiiculty when designing systems for use inside these scanners. Bore dimensions 
differ, scanning protocols have different names and MR compatibility must be reassessed at higher 
field strengths. Software and hardware platforms change between makes and collaboration with 
the scanner manufacturers is required if interfacing to the scanner is necessary. In order to make 
systems usable across several machines, it is important to either provide systems which do not need 
to interface directly into the scanner software, that is, making the systems as scanner independent 
as possible, or to offer some other solution that is easily transferable from one platform to the next. 
Progress is also required on the human-machine interface, where information generated from 
the scanner needs to be integrated with the system control and motion of the manipulator in an 
intuitive, well presented and effective manner, while not greatly increasing the work load of the 
practitioner. In addition, safety measures in both hardware and software need to be implemented 
to assure the safety of the staff, patients and equipment (i.e. redundant sensing, emergency stop 
routines etc). Sterility issues must also be considered in design and system implementation. 
It is also important to note that an MRI scanner is not only an imaging tool and additional in-
formation is abundantly available. MR elastography (which can measure tissue stiffness), Perfusion 
and Diffusion MRI, Spectroscopy etc, can all offer relevant information which can be integrated 
into the system and used to improve intervention and diagnosis. 
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The current trend in new cylindrical MRI scanners is to increase the diameter of the scanner 
bore while reducing its length (the Siemens Magnetom Espree has a bore diameter of 70 cm and 
a bore length of 125 cm) which will relieve some of the severe spatial constraints of traditional 
scanners and may allow free-hand intervention, where the practitioner uses a screen mounted on 
the outside of the bore and uses the real-time images to guide a needle or other tool into a desired 
region in the anatomy [Derakhshan et al., 2007]. Manipulators may have more of a function to 
help guide the freehand intervention, and passive assists or templates might be just as useful as 
complex actuated devices. This will shift the research focus towards navigation and computer 
assisted intervention. 
9.5 Publication Output of this Research 
The results of this research have so far led to the following outputs: 
• Eight journal publications, which have already been accepted and are published or in press 
[Elhawary et al., 2006, Elhawary et al., 2008b, Elhawary et al., 2008c, Elhawary et al., 2008a, 
Rea et al., 2008b, Tse et al., 2008b, Tse et al., 2008a, Rea et al., 2008a]. 
• Eleven conference pubUcations. 
• Two registered patents [Elhawary et al., 1107a, Elhawary et al., 1107b]. 
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Appendix A 
Results from Material Tests 
A . l Results of Material Artifact Tests 
This appendix presents the results from the material testing experiments described in section 4.2.2 
of chapter 4. For each material tested, an image displays the maximum artifact produced as defined 
by the ASTM standard F2119. 
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APPENDIX A. RESULTS FROM MATERIAL TESTS 
A. 1.1 Results for Rod Samples 
229 
(a) 
Original image 
SAMPLE; ROD-Alumina 
Sequence parameters: dir Bo, GE. P->A 
Sample WIDTH = 6 mm 
Sample HEIGHT = 49 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 7 ^ 1 3 mn 
In date 20071003. ecan#73,ske# 8 
Artifact WIDTH = 13 pixel = 10.1563 mm 
Artifact HEIGHT = 82 pixel = 64.0625 mm 
(b) 
Original image 
SAMPLE: ROD^CAP 
Sequence parameters: dir perBo, GE. H->F 
Sample WIDTH - 10 mm 
Sample HEIGHT = 10 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 25.4688 n*n 
In date 20071003, »can#46.s#c0# 11 
Artifact WIDTH = 52 pixel = 40.625 mm 
Artifact HEIGHT = 78 pixel = 60.9375 mm 
(c) 
Original Image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-BeryiliunvCopper 
Sequence parameters: dirpenBo, GE, H->F 
Sample WIDTH = 12.8 mm 
Sample HEIGHT - 12.8 mm 
MAXIMUM ARTIFACT DISTANCE = 4.9281 mn 
In date 20071003, scan # 86, slice # 8 
AMIfac* WIDTH " 27 pixel = 21.0938 rmn 
Artifact HEIGHT = 29 pixel = 22.6563 mm 
Figure A.l: Maximum artifact produced by a rod of Alumina, Arcap and Beryllium Copper 
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(a) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Brass 
Sequence parameters: dir perBo. GE. H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 10 mm 
MAXIMUM ARTIFACT DISTANCE = 43.4375 mm 
In date 20071003, scan* 118. slice# 11 
Artifact WIDTH = 63 pixel = 64.8438 mm 
Artifact HEIGHT = 124 pixel * 96.875 mm 
(b) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Carbon Fibre 
Sequence parameters: dir Bo, GE, H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 50 mm 
MAXIMUM ARTIFACT DISTANCE = 3.5156 mm 
In date 20071003, scan # 50, slice # 8 
Artifact WIDTH = 16 pixel = 14.0625 mm 
Artifact HEIGHT = 73 pixel = 57.0313 mm 
(0 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Delrin 
Sequence parameters: dir Bo, GE, P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 50 mm 
MAXIMUM ARTIFACT DISTANCE » 2.0313 mm 
In date 20071003. scan # 129. s#ce # 8 
Artifact WIDTH = 18 pixel = 14.0625 mm 
Artifact HEIGHT = 69 pixel = 53.9063 mm 
Figure A.2: Maximum artifact produced by a rod of Brass, Carbon Fibre and Delrin 
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(a) 
Original image LARGEST DETECTED ARTIFACT 
t 
SAMPLE: ROD-Dural 
Sequence parameters: dir perBo. GE, H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 10 mm 
MAXIMUM ARTIFACT DISTANCE = 13.3584 mm 
In date 20071003, scan # 126, slice # 11 
Artifact WIDTH = 31 pixel = 24.2188 mm 
Artifact HEIGHT = 47 pixel = 36.7188 mm 
(b) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Qaw FAre 
Sequence parameters: dir Bo, GE, H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 50 mm 
MAXIMUM ARTIFACT DISTANCE = 7.8125 mm 
In dale 20071003, scan # 10. sUce * 8 
Aftlfact WIDTH " 22 pkel" 17.1675 mm 
Artifact HEIGHT = 84 pixel = 65.625 mm 
(0 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Lead 
Sequence parameters: dir Bo, GE, H->F 
Sample WIDTH « 9.5 mm 
Sample HEIGHT = 50 mm 
MAXIMUM ARTIFACT DISTANCE = 4.6875 mm 
In date 20071003, scan # 106. slice # 9 
Artifact WIDTH = 19 pixel = 14.8438 mm 
Artifact HEIGHT = 76 pixel = 59.375 mm 
Figure A.3: Maximum artifact produced by a rod of Dural, Glass Fibre and Lead 
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(a) 
Original image 
SAMPLE ROD-MACOR 
Sequence param^ws: dr Bo. QE. P->A 
Sample WIDTH = 8.8 mm 
Sample HEIGHT = 50 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 3.5156 mm 
In (Me 20071003, scan # 65, s#ce # 8 
Artifact WIDTH = 15 pixel = 11.7188 mm 
AMffact HEIGHT = 73 pkel = 57.0313 mm 
(b) 
Original image 
SAMPLE; ROD-Mahogany 
Sequence parameters: dir perBo. GE, H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 10 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE » 5.1563 w n 
In date 20071003, scan # 30, slice # 10 
Artifact WIDTH = 17 pixel = 13.2813 mm 
Artifact HEIGHT = 26 pixel = 20.3125 mm 
(c) 
Original image 
SAMPLE: ROD-MDF 
Sequence parameters: dir perBo, GE, H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 10 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 22.7344 mm 
In date 20071003, scan # 38, slice # 8 
Artifact WIDTH = 30 pixel = 23.4375 mm 
Artifact HEIGHT = 71 pixel = 55.4688 rrm 
Figure A.4; Maximum artifact produced by a rod of Macor, Mahogany and MDF 
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(a) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Noresler 
Sequence parameters: dir Bo, GE, P->A 
Sample WIDTH = 10.6 mm 
Sample HEIGHT = 41.5 mm 
MAXIMUM ARTIFACT DISTANCE = 3.4688 mm 
In date 20071003, scan # 137, slice # a 
Artifact WIDTH = 19 pixel = 14.8438 mm 
Artifact HEIGHT = 62 pixel = 48.4375 mm 
(b) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-PEEK 
Sequence parameters: dir Bo. GE, P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 50 mm 
MAXIMUM ARTIFACT DISTANCE = 2.7344 mm 
In date 20071003, scan # 57, slice # 8 
Artifact WIDTH = 16 pixel = 12.5 mm 
Artifact HEIGHT = 71 pixel = 55.4688 mm 
(c) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Perspex 
Sequence parameters: dir perBo, GE, H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 10 mm 
MAXIMUM ARTIFACT DISTANCE = ZB125 mm 
In date 20071003, scan # 22, slice # 7 
Artifact WIDTH = 20 pixel = 15.625 mm 
Artifact HEIGHT = 16 pixel = 12.5 mm 
Figure A.5: Maximum artifact produced by a rod of Norester, PEEK and Acrylic (Perspex) 
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(a) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Plain Brass 
Sequence parameters; dir perBo, GE. P->A 
Sample WIDTH = 11.5 mm 
Sample HEIGHT = 11.5 mm 
MAXIMUM ARTIFACT DISTANCE « 26.6719 mm 
In date 20071004, scan # 153, slice # 10 
Artifact WIDTH = 53 pixel = 41.4063 mm 
Artifact HEIGHT = 83 pixel = 64,8438 mm 
(b) 
Original Image lARGESTCETECTEDARTfACT 
SAMPLE: ROD-Stalnless Steel 316 
Sequence parameters; dir perBo, GE, P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 10 mm 
MAXIMUM ARTIFACT DISTANCE = 59.0625 
In date 20071003, scan # 101. slice # 11 
Artifact WIDTH = 118 pixel = 92.1875 mm 
Artifact HEIGHT = 164 pixel = 128.125 mm 
(c) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: ROD-Titanium 
Sequence parameters: dir perBo, GE, H->F 
Sample Wl DTH = 9.6 mm 
Sample HEIGHT = 9.6 mm 
MAXIMUM ARTIFACT DISTANCE = 24.4969 mm 
In date 20071003, scan #94, slice # 11 
Artifact WIDTH = 45 pixel = 35.1563 mm 
Artifact HEIGHT = 75 pixel - 58.5936 mm 
Figure A.6: Maximum artifact produced by a rod of plain Brass, Stainless Steel 316 and Titanium 
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A.1.2 Results for Square Samples 
(a) 
Original image 
I 
LARGEST DETECTED ARTIFACT 
SAMPLE SOUARE-Akmina 
Sequence parameters: dir Bo, GE. P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 50 mm 
MAXIMUM ARTIFACT DISTANCE = 7.8125 mm 
In date 20071003. scan # 145, slice # 6 
Artifact WIDTH = 18 pixel = 14.0625 mm 
Artifact HEIGHT = 84 pixel = 65.625 mm 
(b) 
Original image 
SAMPLE: SQUARE-BerylliunvCopper 
Sequence parameters: dir Bo. GE. H->F 
Sample WIDTH = 13.9 mm 
Sample HEIGHT = 56.3 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 14.925 mm 
In date 20071008, scan* 186. slice #8 
Artifact WIDTH = 56 pixel = 43.75 mm 
Artifact HEIGHT = 94 pixel = 73.4375 mm 
(0 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARE-Delrin 
Sequence parameters: dr Bo, GE, H->F 
Sample WIDTH = 10.8 mm 
Sample HEIGHT = 40 mm 
MAXIMUM ARTIFACT DISTANCE = 3.5644 mm 
In date 20071008, scan # 206, slice # 10 
AiWac* WIDTH" 23 pb*l« 17.9688 mm 
Artifact HEIGHT = 55 pixel = 42.9688 mm 
Figure A.7: Maximum artifact produced by a square of Alumina, Beryllium Copper and Delrin 
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(a) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARE-Dural 
Sequence parameters; dir Bo. GE, PoA 
Sample WIDTH = 10 mm 
Sample HEIGHT = 40 mm 
MAXIMUM ARTIFACT DISTANCE = 18.6719 mm 
In date 20071008, scan # 197. sNce # 10 
Artifact WIDTH = 38 pixel = 29.6875 mm 
Artifact HEIGHT = 99 pixel = 77.3438 mm 
(b) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARE-Btalor 
Sequence parameters: dir Bo, GE, P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 40 mm 
MAXIMUM ARTIFACT DISTANCE = 5.3906 mm 
In date 20071004, scan* 173, slice# 10 
Artifact WIDTH = 17 pixel = 13.2813 mm 
Artifact HEIGHT = 65 pixel = 50.7813 mm 
(c) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARE-Glass Fibre 
Sequence parameters: dir Bo. GE, P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 40.8 mm 
MAXIMUM ARTIFACT DISTANCE = 6.9438 mm 
In date 20071008, scan # 213, sNce # 6 
Aftlfact WIDTH = 20 pkel = 15.625 mm 
Artifact HEIGHT = 70 pixel = 54.6875 mm 
Figure A.8: Maximum artifact produced by a square of Dural, Ertalon and Glass Fibre 
APPENDIX A. RESULTS FROM MATERIAL TESTS 237 
(a) 
Original image 
SAMPLE SQUARE-Ghss Nylon 66 
Sequence parameters: dir Bo, GE, P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 40 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 4.375 mm 
In date 20071004, scan # 169, slice # 8 
Artifact WIDTH = 24 pixel = 18.75 mm 
Artifact HEIGHT = 58 pixel = 45.3125 mm 
(b) 
Original image 
SAMPLE SOUARE-Lead 
Sequence parameters: cfir Bo. GE, P->A 
Sample WIDTH = 10.8 mm 
Sample HEIGHT = 41.15 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 13.35 mm 
hi d#te 20071008, scan # 193, sUce # B 
Artifact WIDTH = 48 pixel = 37.5 mm 
Ardfact HEIGHT = 62 pixel = 46.4375 mm 
(c) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SOUARE-MACOR 
Sequence parameters; dir Bo, GE, P->A 
Sample WIDTH = 6.37 mm 
Sample HEIGHT = 41.8 mm 
MAXIMUM ARTIFACT DISTANCE = 2.6744 mm 
In date 20071008, scan # 201. slice # 6 
Artifact WIDTH = 15 pixel = 11.7188 mm 
AfWact HEIGHT = 60 pixel = 46.875 nwn 
Figure A.9: Maximum artifact produced by a square of Glass Filled Nylon 66, Lead and Macor 
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(a) 
Original image 
SAMPLE: SOUARE-MahOQany 
Sequence parameters: dr Bo, SE, H->F 
Sample WIDTH = 10.5 mm 
Sample HEIGHT = 41.2 mm 
LARGEST DETECTED ARTIFACT 
MAXIMUM ARTIFACT DISTANCE = 1.3906 mm 
In date 20071004, scan # 156, slice #7 
Artifact WIDTH = 17 pixel = 13.2813 mm 
Artifact HEIGHT = 55 pixel = 429688 nvn 
(b) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARE-MDF 
Sequence parameters: cfir Bo, SE. H->F 
Sample WIDTH = 10 mm 
Sample HEIGHT = 41.1 mm 
MAXIMUM ARTIFACT DISTANCE = 0.54375 mm 
In date 20071004, scan # 160, slice #7 
Artifact WIDTH = 13 pixel = 10.1563 mm 
Artifact HEIGHT = 54 pixel = 42.1875 mm 
(c) 
Original image LARGEST DETECTED ARTIFACT 
i 
SAMPLE: SQUARE-Nylon 
Sequence parameters: dir Bo, GE. P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 40 mm 
MAXIMUM ARTIFACT DISTANCE = 5.1563 mm 
In date 20071004, scan # 165, slice # 6 
Artifact WIDTH = 26 pixel = 20.3125 mm 
Artifact HEIGHT = 58 pixel = 45.3125 mm 
Figure A. 10; Maximum artifact produced by a square of Mahogany, MDF and Nylon 
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(a) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARE-Perspex 
Sequence parameters: dir Bo, GE, P->A 
Sample WIDTH = 8 mm 
Sample HEIGHT = 40 mm 
MAXIMUM ARTIFACT DISTANCE = Z6406 mm 
In date 20071004, scan # 181, slice # 10 
Artifact WIDTH = 17 pixel = 13.2813 mm 
Artifact HEIGHT = 53 pixel = 41.4063 mm 
(b) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARG-Teflon 
Sequence parameters: dir Bo. GE. P->A 
Sample WIDTH = 11.08 mm 
Sample HEIGHT = 40.6 mm 
MAXIMUM ARTIFACT DISTANCE = 4.2256 mm 
In date 20071008, scan # 209, slice # 10 
Artifact WIDTH = 25 pixel = 19.5313 mm 
Artifact HEIGHT = 59 pixel = 46.0938 mm 
(c) 
Original image LARGEST DETECTED ARTIFACT 
SAMPLE: SQUARE-Thennostar 
Sequence parameters: dir Bo. GE. P->A 
Sample WIDTH = 10 mm 
Sample HEIGHT = 40 mm 
MAXIMUM ARTIFACT DISTANCE = 10.4688 mm 
In date 20071004, scan # 177, slice # 10 
AftMaa WIDTH » 26 pkel = 20.3125 mm 
Artifact HEIGHT = 78 pixel = 60.9375 mm 
Figure A. 11: Maximum artifact produced by a square of Acrylic (Perspex), Teflon and Thermostar 
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Original Image IJWK%GT[XntCTEDAATM*CT 
Sequence parameters; dir Bo, GE. P->A 
Sample WIDTH = 8 mm 
Sample HEIGHT = 50.3 mm 
MAXIMUM ARTIFACT DISTANCE « 30.3188 nr*n 
In date 20071008, scan # 189, slice # 11 
Artifact WIDTH = 56 pixel = 43.75 mm 
Artifact HEIGHT = 142 pixel = 110.9375 mm 
Figure A.12; Maximum artifact produced by a square of Titanium 
Appendix B 
Accuracy Tests 
B . l Prostate Biopsy Robot 
B . l . l Accuracy of Position Control of Linear Stages 
Table B.l presents accuracy tests performed with the 1 DOF linear stages using a bang-bang 
position control algorithm. The first column of the table shows the desired position introduced 
into the position control algorithm, the second column indicates the position as read by the encoder 
once the stage has reached its target position, the third column displays the measured position of 
the linear stage as measured by a digital height gauge (resolution of 0.01mm) and the last column 
is the rms error as calculated between the desired position and the measured position as indicated 
by the height gauge. 
B.2 Limb Positioning Device 
B.2.1 Accuracy of Position Control of Rotational Axis 
Table B.2 presents accuracy tests performed with the rotational axis of the hmb positioning device 
using a PI control algorithm with a deadband. The first column of the table shows the desired 
position introduced into the position control algorithm, the second column indicates the position 
as read by the encoder once the stage has reached its target position, the third column displays 
the measured position of the linear stage as measured by the MicroScribe tracking arm (resolution 
of 0.38mm) and the last column is the RMS error as calculated between the desired position and 
the measured position as indicated by the Microscribe arm. 
B.2.2 Accuracy of Position Control of Rotational Axis 
Table B.3 presents accuracy tests performed with the Z axis of the limb positioning device using 
a PI control algorithm with a deadband. The first column of the table shows the desired position 
introduced into the position control algorithm, the second column indicates the position as read by 
the encoder once the stage has reached its target position, the third column displays the measured 
position of the linear stage as measured by the MicroScribe tracking arm (resolution of 0.38mm) 
and the last column is the RMS error as calculated between the desired position and the measured 
position as indicated by the Microscribe arm. 
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Desired Position 
(mm) 
Encoder Reading 
(mm) 
Measured Position 
(mm) 
Absolute Error 
(mm) 
12,81 12.78 12,79 0,02 
58.54 58.50 58.47 0,07 
13.67 13.72 13.71 0,04 
58.13 58.08 58.08 0,05 
7.61 7.62 7.56 0,05 
52.14 52.07 52.12 0,02 
41.80 41.83 41.76 0,04 
47.02 46.99 47.09 0,07 
43.56 43.60 43.60 0,04 
78.60 78.57 78.59 0,01 
2.70 2,71 2.76 0,06 
42.40 42.42 42.48 0,08 
39.14 39,12 39.17 0,03 
41.29 41,32 41.35 0,06 
6.25 6,18 6.16 0.09 
36.12 36,07 36.11 0.01 
19.64 19,56 19.63 0.01 
37.57 37.59 37.58 0.01 
29.24 29.21 29.27 0.03 
4.18 4.23 4.29 0.11 
10.30 10.33 10.37 0.07 
66.91 66.89 66.89 0.02 
11.76 11.77 11.91 0.15 
13.26 13.29 13.28 0.02 
16.76 16.76 16.78 0.02 
23.77 23.79 23.76 0.01 
23.73 23,71 23.72 0.01 
45.02 44,96 44.90 0.12 
42.43 42.42 42,51 0.08 
77.50 77,47 77,42 0.08 
Average Error 0.049 
Std 0.037 
Table B . l : Accuracy measurements for position control of the linear stages 
APPENDIX B. ACCURACY TESTS 243 
Desired Position 
(deg) 
Encoder Reading 
(deg) 
Measured Position 
(deg) 
Absolue Error 
(deg) 
-83.1 -83,0 -82.6 0.5 
-82.8 -83,0 -81.9 0.9 
-74.1 -74,0 -73.6 0.5 
-69,1 -69,3 -68.6 0.5 
-68,8 -69,0 -67.9 0.9 
-64,0 -64,0 -62.6 1.4 
-61,2 -61,3 -60.8 0.5 
-54,0 -54,0 -54.6 0.6 
-48.9 -48.8 -49.4 0,5 
-38.9 -38.5 -37.2 1,7 
-38.6 -38.5 -37.6 1,0 
-38,2 -38.0 -37,7 0,5 
-37.4 -37.5 -37.0 0,4 
-27.7 -27.5 -27.0 0,7 
-18,0 -18.0 -17.5 0,5 
-13,4 -13.8 -13.5 0,2 
-12,1 -12.0 -11.7 0,4 
-5.1 -5.0 -4.9 0,2 
1.1 1.0 1.1 0,0 
5.5 5.5 5.0 0,5 
10.2 10.3 10.0 0,1 
20.7 20.8 20.3 0.4 
24.5 24.3 23.5 1,0 
31.0 31.0 29.9 1.1 
42.1 42.0 41.0 1.0 
46.0 46.0 45.8 0.3 
50,0 50,0 49.4 0.5 
50,6 50.8 51.5 0.9 
58,2 58.0 58.6 0.4 
59,2 59.0 60.6 1.3 
Average Error 0.6 
Std 0.4 
Table B.2: Accuracy measurements for position control of the rotational axis of the limb positioning 
device 
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Desired Position 
(mm) 
Encoder Reading 
(mm) 
IVIeasured Position 
(mm) 
Absolue Error 
(mm) 
224.9 225,0 226.1 1.1 
22.0 21.9 22.0 0.0 
77.8 77.5 78.4 0,6 
94.3 94.5 95.2 1.0 
121.8 121.8 124.0 2.2 
284.9 285.2 286.2 1.2 
193.9 194.0 194.3 0.4 
278.9 279.1 278.0 0.9 
86.3 86.4 85.4 1.0 
245,3 244.9 244.3 1.0 
53.3 53.2 52.3 1.0 
291.5 291.7 292.7 1.2 
103.3 103.4 102.4 0.9 
232.2 232.2 233.2 1.0 
100.9 100.9 101.8 0.9 
126.8 127.0 128.0 1.2 
104.1 103.8 105.2 1.1 
279.2 279.1 280.4 1.2 
26.8 26.8 26.9 0.0 
105.2 105.4 105.7 0.6 
133.7 133.9 135.3 1.6 
120.2 120.1 121.6 1.4 
7.4 7.6 7.8 0.4 
65.2 65.3 65.6 0.5 
33.2 33.1 33.3 0.0 
265.3 265.1 266.5 1.2 
215.9 216.1 217.5 1.6 
76.9 77.0 77.5 0.5 
318.7 318.8 320.3 1.6 
113.1 113.3 114.0 1.0 
Average Error 0.94 
Std 0.50 
Table B.3: Accuracy measurements for position control of the Z axis of t he limb positioning device 
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B.2.3 Accuracy of Posit ion Control of Rotational Axis 
Table B.4 presents accuracy tests performed with the X axis of the limb positioning device using 
a PI control algorithm with a deadband. The first column of the table shows the desired position 
introduced into the position control algorithm, the second column indicates the position as read by 
the encoder once the stage has reached its target position, the third column displays the measured 
position of the linear stage as measured by the MicroScribe tracking arm (resolution of 0.38mm) 
and the last column is the RMS error as calculated between the desired position and the measured 
position as indicated by the Microscribe arm. 
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Desired Position 
(mm) 
Encoder Reading 
(mm) 
Measured Position 
(mm) 
Absolue Error 
(mm) 
-99.7 -99.9 -99,5 0.2 
-92.3 -92.2 -91.8 0.5 
-80.2 77.5 -79.6 0.6 
-80.1 -80.5 -80.4 0.3 
-62.3 -62.4 -62.0 0.3 
-60.5 -60.3 -59.8 0.8 
-51.4 -51.5 -51.3 0.1 
-51.2 -53.0 -51.9 0.7 
-42.8 -42.4 -41.9 0.8 
-40.7 -40.8 -40.7 0.0 
-37.4 -37.5 -37.3 0.1 
-33.9 -33.9 -33.6 0.2 
-26.4 -26.5 -26.2 0.2 
-1.6 -1.3 -1.2 0.4 
3.5 3.5 3.6 0.1 
4.2 4.2 4.1 0.1 
8.4 7.9 7.8 0.6 
17.5 17.7 17.6 0.1 
18.6 19.5 19.4 0,8 
28.1 27.9 27.6 0.5 
43.1 43.5 43.3 0,2 
49.0 48.9 48.6 0,4 
50.5 50.5 50.5 0,1 
56.2 55.6 55.3 1,0 
58.8 58.5 58.1 0,7 
61.3 60.9 60.9 0,4 
63.9 63.7 63.6 0,2 
72.8 73.0 72.7 0.0 
79.9 80.2 80.0 0.2 
82.4 82.3 82.0 0.3 
Average Error 0.36 
Std 0.27 
Table B.4: Accuracy measurements for position control of the X axis of the limb positioning device 
Appendix C 
MRI Compatibility Test Results 
C. l SNR Test Results 
The following sections will present the data obtained from the SNR degradation tests performed as 
described in Section 4.5 of Chapter 4. The tests have been done to quantify the SNR degradation 
of the MR image when an active system or component is present inside the scanner bore. 
C.1.1 S N R Tests for Optical Encoder 
Table C.l shows the average SNR calculated at nine diflFerent image slices when scanning a 
phantom with an optical encoder present. The SNR is calculated using a FLASH2D sequence 
(TR/TE=200/10ms, 9 slices, 5mm slice thickness, space between slices: 5mm, FOV=300mm, Ma-
trix size; 256x256, FA=30°) and a gradient echo True FISP (SSFP) sequence (TR/TE—6.46/3.05ms, 
9 slices, 5mm slice thickness, space between slices=5mm, FOV=230mm, Matrix Size: 256x256, 
FA=80°), both done on a 1.5T Siemens Magnetom Avanto using the head coil. For each image 
sequence the SNR is calculated under different conditions, and then the variation of SNR with 
respect to the phantom control image is derived. 
To calculate the SNR of the image, the following formula was used as defined in (ref Chinzei): 
SNR = (C.l) 
^ -^corner 
where Pcentre is the mean signal of a 40x40 pixel region at the centre of the phantom, and SDcomer 
is the standard deviation of the signal at a 40x40 pixel region at a corner of the image. 
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FLASH 2D TRUFiSP 
Experiment SNR Variation (%) SNR Variation {%) 
Phantom 136.86 0.00 136.86 0.00 
0mm 
Unwired 
Wired 
137.99 
139.68 
0.83 
2.06 
137.99 
139.68 
0.10 
0.17 
Powered 132.69 -3.04 132.69 0.77 
Phantom 136.86 0.00 57.61 0.00 
50mm 
Unwired 
Wired 
134.14 
136.69 
-1.98 
-0.12 
55.26 
55.26 
-4.09 
-4.09 
Powered 137.90 0.76 57.71 0.17 
Phantom 136.86 0.00 57.61 0.00 
Distance 100mm 
Unwired 
Wired 
135.66 
137.99 
-0.88 
0.83 
57.53 
57.53 
-0.14 
-0.14 
Powered 138.79 1.41 58.98 2.37 
Phantom 136.86 0.00 57.61 0.00 
150mm 
Unwired 
Wired 
136.57 
136.83 
-0.21 
-0.02 
57.53 
57.53 
-0.14 
-0.14 
Powered 139.58 1.99 58.81 2,08 
Phantom 136.86 0.00 57.61 0.00 
200mm 
Unwired 
Wired 
135.69 
136.96 
-0.85 
0.07 
58.68 
58.68 
1.85 
1.85 
Powered 136.01 -0.62 57.74 0.23 
Table C.l: Average SNR in the MR image of a phantom with an optical encoder present with both 
a FLASH 2D and True FISP (SSFP) sequence 
C . l . 2 S N R Tests for Piezoceramic Motors 
Table C.2 shows the average SNR calculated at nine different image slices when imaging a phantom 
with a piezoceramic motor present. The SNR is calculated using a TSE sequence (TR/TE=2000/85ms, 
9 slices, 5mm slice thickness, space between slices; 5mm, FOV=300mm, Matrix size: 256x256) and 
a gradient echo True FISP (SSFP) sequence (TR/TE=6.46/3.05ms, 9 slices, 5mm slice thickness, 
space between slices=5mm, FOV=230mm, Matrix Size: 256x256, FA=80°), both done on a 1.5T 
Siemens Magnetom Avanto using the head coil. 
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TSE TRUFISP 
Experiment SNR Variation (%) SNR Variation (%) 
Phantom 115.52 0.00 28.83 0.00 
0mm Powered 110.94 -3.97 28.62 -0.74 
Actuated 110.84 -4.05 28.77 -0.21 
Phantom 115.52 0.00 28.83 0.00 
50mm Powered 115.10 -0.37 28.47 -1.25 
Actuated 116.05 0.45 28.08 -2.60 
Phantom 115.52 0.00 28.83 0.00 
Distance 100mm Powered 114.92 -0.52 28.37 -1.60 
Actuated 114.85 -0.58 28.30 -1.85 
Phantom 115.52 0.00 28.83 0.00 
150mm Powered 114.31 -1.05 28.48 -1.20 
Actuated 113.09 -2.11 28.59 -0.82 
Phantom 115.52 0.00 28.83 0.00 
200mm Powered 114.59 -0.80 28.63 -0.70 
Actuated 113.52 -1.73 28.25 -2.00 
Table C.2: Average SNR in the MR image of a phantom with a piezoceramic motor present with 
both a TSE and True FISP (SSFP) sequence 
C.1.3 S N R Tests for 1 DOF Linear Modules 
Table C.3 shows the average SNR calculated at nine different image slices when imaging a phantom 
with a linear 1 DOF module present. The SNR is calculated using a TSE sequence (TR/TE=2000/85ms, 
9 slices, 5mm slice thickness, space between slices: 5mm, FOV=300mm, Matrix size: 256x256) and 
a gradient echo True FISP (SSFP) sequence (TR/TE=6.46/3.05ms, 9 slices, 5mm slice thickness, 
space between slices=5mm, FOV=230mm, Matrix Size: 256x256, FA=80°), both done on a 1.5T 
Siemens Magnetom Avanto using the head coil. 
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TSE TRUFISP 
Experiment SNR Variation {%) SNR Variation (%) 
Phantom 117.40 0.00 27.62 0.00 
0mm Powered 115.76 -1.40 27.48 -0.50 
Actuated 115.22 -1.85 27.69 0.25 
Phantom 117.40 0.00 27.62 0.00 
50mm Powered 113.52 -3.30 27.29 -1.19 
Actuated 113.41 -3.39 27.55 -0.25 
Phantom 117.40 0.00 27.62 0.00 
100mm Powered 114.59 -2.39 27.51 -0.40 
Distance 
Actuated 114.63 -2.36 28.50 3.17 
Phantom 117.40 0.00 27.62 0.00 
150mm Powered 114.31 -2.63 28.12 1.80 
Actuated 113.09 -3.67 27.98 1.29 
Phantom 117.40 0.00 27.62 0.00 
200mm Powered 114.59 -2.39 27.48 -0.50 
Actuated 113.52 -3.30 27.54 -0.28 
Phantom 117.40 0.00 27.62 0.00 
500mm Powered 114.55 -2.42 27.76 0.50 
Actuated 114.55 -2.42 27.48 -0.50 
Table C.3: Average SNR in the MR image of a phantom with a 1 DOF linear module with both a 
TSE and True FISP (SSFP) sequence 
C.1.4 SNR Tests for Prostate Biopsy Robot 
Table C.4 shows the average SNR calculated at nine different image slices when imaging a phan-
tom with the prostate biopsy robot present. The SNR is calculated using a TSE sequence 
(TR/TE=2000/85ms, 9 slices, 5mm slice thickness, space between slices: 5mm, FOV—300mm, 
Matrix size: 256x256) and a gradient echo True FISP (SSFP) sequence (TR/TE=6.46/3.05ms, 
9 slices, 5mm slice thickness, space between slices=:5mm, FOV=230mm, Matrix Size: 256x256, 
FA=80°), both done on a 1.5T Siemens Magnetom Avanto using the head coil. 
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TSE TRUFISP 
Experiment SNR Variation (%) SNR Variation (%) 
Phantom 113.10 0.00 33.37 0.00 
1 Axis Actuated 116.28 2.81 32.99 -1.13 
2 Axis Actuated 116.08 2.63 33.76 1.17 
3 Axis Actuated 112.28 -0.73 33.79 1.27 
4 Axis Actuated 112.44 -0.58 34.10 2.20 
Table C.4; Average SNR in the MR image of a phantom with the prostate biopsy robot present 
with both a TSE and True FISP (SSFP) sequence 
C.1.5 S N R Tests for Limb Positioning Device 
Table C.5 shows the average SNR calculated at nine different image slices when imaging a phan-
tom with the limb positioning device present. The SNR is calculated using a TSE sequence 
(TR/TE=2000/85ms, 9 slices, 5mm slice thickness, space between slices: 5mm, FOV=300mm, 
Matrix size: 256x256) and a gradient echo True FISP (SSFP) sequence (TR/TE=6.46/3.05ms, 
9 slices, 5mm slice thickness, space between slices=5mm, FOV=230mm, Matrix Size: 256x256, 
FA=80°), both done on a 1.5T Siemens Magnetom Avanto using the body coil. 
TSE TRUFISP 
Experiment SNR Variation {%) SNR Variation {%) 
Phantom 81.52 0.00 25.42 0.00 
Powered 80.12 -1.72 25.86 1.71 
Actuated 80.97 -0.68 24.50 -3.62 
Table C.5: Average SNR in the MR image of a phantom with the limb positioning device present 
with both a TSE and True FISP (SSFP) sequence 
